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ABSTRACT: Nanostructured thermosets were prepared by reaction-induced phase separation (RIPS)
using a metathesis-cross-linkable monomer in the presence of a metathesis-reactive block polymer. Mixtures
of poly(norbornenylethylstyrene-s-styrene)-b-poly(lactide) (PNS-PLA) and dicyclopentadiene (DCPD) in
tetrahydrofuranwere cross-linked using the second generationGrubbs catalyst. Small-angle X-ray scattering
analysis of a series of cured films containing PNS-PLA with varied PLA block lengths and 0-83 wt %
DCPD indicated the presence of nanophase-separated disordered morphologies postcuring in most cases.
Scanning electron microscopy of cured films after removal of the PLA phase revealed that a majority of the
films exhibited a bicontinuous structure.Mechanistic investigations demonstrated that cross-linking the PNS
block into the matrix was vital in preventing macrophase separation, and the morphologies observed were
relatively unaffected by variations in the concentration of the catalyst. We propose a general mechanism for
the formation of nanostructured DCPD using this protocol and develop critical conditions for the formation
of bicontinuous structures based on the extent of overlap of the block polymer.

Introduction

The formation of nanostructured ceramics, polymers, and
composite materials has been at the forefront of numerous
research endeavors. In particular, nanostructured thermosets
have received attention as the thermal,1 dielectric,2 diffusion,3

and mechanical3,4 properties of these materials can be system-
atically tuned depending on the components incorporated. Ther-
mosets are formed by the coupling reactions of multifunctional
monomers into a network structure, and the nanostructuring of
thermosets can be accomplished through the incorporation of an
additive that is integrated into the final structure upon curing.
Examples of such additives include nanoparticles,1,2 liquid crys-
tals,3 nanotubes,4 and block polymers.5

Block polymers self-assemble into nanometer-sized morpho-
logies that minimize unfavorable contact between the chemically
distinct monomers and avoid excessive stretching of the compo-
nent blocks.6 When incorporated into thermosetting systems,
nanostructuredmaterials can be formed.An early example of this
was demonstrated by Hillmyer et al.5 using an amphiphilic block
polymer and an epoxy resin. Since that time, many examples
of nanostructured epoxies using block polymers have been
reported.5,7-13 Inmost of these cases, the block polymer contains
an epoxy-philic segment and an epoxy-phobic segment. The
morphology adopted in the uncured state depends on the nature
of the block polymer and the blend composition as incorporation
of the thermosetting monomers into the epoxy-philic block
compatible domains leads to predictable morphological transi-
tions.7 Typical bulk block polymer morphologies such as lamel-
lar, gyroid, cylindrical and spherical,5,7-9 and dilute solution
morphologies, including spherical and wormlike micelles and
vesicles,10-13 have been observed. These morphologies can be
frozen into the final structure upon curing often with minimal
changes to the nanostructure.7

Seeking to expand the scope of block polymers to include
systems where both blocks are miscible in the thermoset pre-
cursors,Meng et al. demonstrated that self-assembly of the block
polymer prior to curing was not always necessary. To create a
nanostructured thermoset using this approach, a block polymer
with one segment that remained miscible in the thermoset
throughout the cure and another block that phase separated
upon curing was employed.14 Phase separation during curing is
induced by the decreasing entropic contributions to the free
energy of mixing. Since the two blocks are covalently bound,
phase separation is limited and nanostructured materials are
formed. The final morphologies formed via this reaction-induced
phase separation (RIPS) approach are microphase-separated,
and the typical structures attained are trapped by gelation of the
thermoset. Morphologies observed include dispersed and fused
spherical particles, wormlike structures, bicontinuous structures,
lamellae, and cylinders.14-18

Variations in the chemical composition,14,17 numberofblocks,7,11

and architecture9,18 of the block polymer additives have been
explored. Additionally, reactive block polymers have been in-
vestigated as a means of fixing the morphologies and expanding
the choice of precursors used in the thermoset.19-28 The scope of
thermosets investigated in these studies remains fairly narrow as
epoxy thermosets5,7,9-18,29-38 have received the bulk of the
attention with only limited studies of phenolic8,39,40 and un-
saturated polyester resins.41,42 Finally, applications of nano-
structured thermosets using block polymers has primarily
focused on their potential to improve the mechanical properties
of the thermoset,10,12,36,38 leaving a range of applications un-
explored.

Our interest in the formation of nanostructured thermosets was
motivated by the search for tough nanoporous membranes. We
recently reported the formation of nanostructured poly(dicyclo-
pentadiene) (PDCPD) by a RIPS process using a metathesis
reactive block polymer: poly(norbornenylethylstyrene-s-styrene)-
b-poly(lactide) (PNS-PLA).43 In that example a tetrahydrofuran
(THF) solution of PNS-PLA and DCPD was cross-linked using
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the second generationGrubbs catalyst (GII), and a nanostructured
bicontinuous morphology resulted.43 Alternatively, by incorporat-
ing the first generation Grubbs catalyst and evaporating the
solvent, an ordered cylindrical morphology formed that could be
fixed by cross-linking to create a nanostructured thermoset by a
“self-assembly first” approach.44 Both of these nanostructured
thermosets were rendered nanoporous by selectively removing
the PLAcomponent. These twodistinct approaches to nanoporous
PDCPD are depicted schematically in Figure 1.

The reactive block polymer RIPS approach to nanostructured
materials holds a great deal of promise for the formation of
membranes with particularly attractive technological applica-
tions.We have demonstrated this in the area of the ultrafiltration
of water,45 the separation of N2 and NH3,

46 and polymer
electrolytemembranes for directmethanol fuel cells.47 Therefore,
a detailed mechanistic understanding will enable the systematic
tuning of the nanostructures and will be beneficial for the future
development of these systems. Herein we provide insight into the
mechanism of nanostructure formation in the RIPS protocol
usingDCPDandPNS-PLA.Ourwork includes howPLAblock
size andDCPD composition affected the finalmorphology of the
material by a combination of small-angle X-ray scattering
(SAXS), scanning electron microscopy (SEM), and nitrogen
adsorption experiments.

Results

Synthesis and Characterization of PNS-PLA Block Poly-
mers. PNS-PLA block polymers were previously synthe-
sized by controlled radical polymerization using a PLA
homopolymer functionalized with a chain transfer agent
appropriate for controlled reversible addition-fragmen-
tation transfer (RAFT) polymerization.43,44 Various PLA
block polymers48-50 have also been prepared through the
controlled ring-opening polymerization of lactide from a
hydroxyl-terminated polymer.51 We adopted this latter
approach for the formation of PNS-PLA as shown in
Figure 2.

Living anionic copolymerization of a mixture of styrene
and norbornenylethylstyrene (N) followed by the addition
of ethylene oxide produced a hydroxyl-functionalized PNS
copolymer in 90% recovered yield. By 1HNMRspectroscopy
we determined that 14 mol % of N units was incorporated in

the PS block, and the number-average molecular weight
(by end-group analysis) was 11 kg/mol. This number-aver-
age molecular weight was in good agreement with the value
(11 kg/mol) determined by size exclusion chromatography
using a light scattering detector. A polydispersity index
(PDI) of 1.09 for this sample is consistent with the controlled
nature of the polymerizations. The molecular weight and
level of N incorporation compare favorably to the theore-
tical values of 10 kg/mol and 15 mol %, respectively. The
slightly larger experimental molecular weight is attributed to
potential contaminants in the N monomer that terminate
some of the initiator or propagating chain ends. A compar-
ison of the hydroxyl end groups to the sec-butyllithium end
groups indicates 89% of the chains were successfully termi-
nated with ethylene oxide. Although the copolymerization
statistics were not investigated, it is expected that the nor-
bornenylethyl substituent would be electron donating, which
would decrease the stability of N-derived carbanion relative
to styrene.52 The difference in stability of styrene (M1

-)
relative to N (M2

-) could lead to reactivity ratios of r1 > 1
and r2 < 1 similar to those observed for anionic polymeriza-
tions of styrene (M1) and p-methylstyrene (M2), r1= 1.3 and
r2=0.9,53 or styrene (M1) and p-tert-butylstyrene (M2), r1=
1.34 and r2 = 0.86.54 In any case, the reactivity ratios for
styrene and N are likely close to 1, and thus we expect a near
random distribution of N units in the backbone.

Figure 1. Pathways to nanoporous PDCPDvia either self-assembly first (top) orRIPS (bottom). During stepA of the self-assembly first approach the
block polymer DCPD and the first generation Grubbs catalyst are dissolved in CH2Cl2, the CH2Cl2 is evaporated, the block polymer structure is
aligned, and then the material is cross-linked. During step A of the RIPS approach a THF solution containing the block polymer andDCPD is cross-
linked using the second generation Grubbs catalyst followed by evaporation of the solvent. During step B for both methods, the PLA component is
removed by basic hydrolysis.

Figure 2. Synthetic scheme for the formation of PNS-PLA.
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DL-Lactide was polymerized using triethylaluminum and
the above hydroxy-terminated PNS to give a series of
PNS-PLAblock polymers.Molarmasses of the PLAblocks
were determined using 1HNMR spectroscopy based on end-
group analysis. SEC data exhibited a clear shift to lower
elution volumes (see Figure S2) with increasing PLA molec-
ular weight. A small amount of PNS homopolymer due to
the incomplete end-capping with ethylene oxide (see above)
was evident in the SEC data. All polymers are labeled
PNS-PLA (X-Y) where X is the molar mass of the PNS
block andY is themolarmass of the PLAblock in kg/mol. In
addition to the PNS-PLA (11-Y) series, a PNS-PLA
(15-30) sample with only 2 mol % N in the PNS block
was prepared by the same protocol.

Nanoporous Thermoset Formation.Following the protocol
we previously reported,43 we prepared cross-linked films
from solutions containing PNS-PLA and between 0 and
83 wt % DCPD (based on the total mass of PNS-PLA þ
DCPD). Briefly, a 75 wt % THF solution of the PNS-PLA
and DCPD was combined with a 5 mg/mL THF solution of
GII (0.5 wt%GII based on the total mass of the PNS-PLA
and DCPD). In all cases, gelation occurred after ∼70 s.55

After curing and drying overnight at room temperature, the
samples were annealed at 100 �C for 1 h. The samples had
contracted slightly due to the evaporation of the THF and
densification. Based on their final mass after annealing, the
samples contained 0-14 wt % THF. A list of the samples
prepared using this general protocol is given in Table 2. All
samples are labeled with the PNS-PLA sample code fol-
lowed byDZwhereZ is the DCPDwt% used to prepare the
sample.

The samples were then subjected to basic hydrolysis to
selectively etch the PLA block (see Experimental Section).
The mass loss posthydrolysis was calculated as a percen-
tage of the original mass of the cured sample (Table 2).
The mass loss in the samples was generally comparable to
the calculated PLA mass in the films based on the initial
reactive mixture’s composition. Some samples exhibited
mass losses less than the initial amount of PLA, indicating
that some PLA domains were inaccessible to the etching
solution during the 72 h etch. In samples with mass losses
greater than the initial PLA wt%, we suspect that the loss
of any remaining THF or unreacted DCPD in the sample
as well as small PDCPD fragments not effectively inte-
grated into the sample was the cause. The biggest dis-
crepancy was observed in samples containing 83 wt %
DCPD.

Material Characterization. One-dimensional SAXS data
acquired at room temperature for the PNS-PLA (11-15)
and PNS-PLA (11-26) series of cross-linked films are
given in Figure 3. Most of the samples exhibited a single
broad peak characteristic of a nanophase-separated but

disordered structure. After etching, the scattering inten-
sity increased significantly for all samples consistent with
formation of a nanoporous material (see Figure S4). The
shape of most scattering profiles did not change upon
etching consistent with preservation of the nanostructured
morphology. The scattering profile for PNS-PLA (11-15)
D83 before etching exhibited a broad scattering peakwhile
after etching a scattering peak was not discernible likely
due to the disruption of the nanostructure upon etching
as the sample lost considerably more mass than the initial
PLAwt%, leading to macropores near the bottom surface
of the sample (see Figure S5). Scattering patterns of PNS-
PLA (11-26) D83 and the PNS-PLA (11-42) and PNS-
PLA (11-57) series (with the exception of the D0 samples
before etching) did not exhibit a scattering maxima (see
Figure S3) due to the lack of a nanophase-separated
structure or because the domain spacing of the samples
was greater than the range of the SAXS instrument (see
below).

We analyzed the scattering patterns that contained a well-
defined SAXSpeak using the Teubner-Streymicroemulsion
model (eq 1) given the bicontinuous structures observed by
SEM (see below).56

IðqÞ ∼ 1

a2 þ c1q2 þ c2q4
ð1Þ

In eq 1, I(q) is the intensity of the scattering, q is the principal
scattering vector, and a2, c1, and c2 are fitting constants.57

Table 2. Composition and Characterization Data for the Cross-
Linked Films

D (nm)c

filma

PLA

(wt %)

mass lossb

(wt %)

before

etching

after

etching

BET surface

area (m2/g)

PNS-PLA (11-15) D0 57 62 19 20 315

PNS-PLA (11-15) D17 48 54 21 21 265

PNS-PLA (11-15) D33 38 44 22 22 185

PNS-PLA (11-15) D50 29 8 23 23 3

PNS-PLA (11-15) D67 19 3 23 23 0

PNS-PLA (11-15) D83 10 21 25 d 0

PNS-PLA (11-26) D0 70 77 29 24 227

PNS-PLA (11-26) D17 58 66 29 28 253

PNS-PLA (11-26) D33 47 54 31 30 181

PNS-PLA (11-26) D50 35 41 36 36 94

PNS-PLA (11-26) D67 23 12 52 d 0

PNS-PLA (11-26) D83 12 29 d d 0

PNS-PLA (11-42) D0 79 90 37 37 e

PNS-PLA (11-42) D17 66 74 d d 167

PNS-PLA (11-42) D33 53 61 d d 122

PNS-PLA (11-42) D50 40 49 d d 76

PNS-PLA (11-42) D67 27 33 d d 34

PNS-PLA (11-42) D83 13 54 d d 3

PNS-PLA (11-57) D0 84 90 34 d e

PNS-PLA (11-57) D17 70 76 d d 131

PNS-PLA (11-57) D33 56 62 d d 87

PNS-PLA (11-57) D50 42 48 d d 67

PNS-PLA (11-57) D67 28 34 d d 31

PNS-PLA (11-57) D83 14 25 d d 7
aPNS-PLA (11-Y) DZ where Y is the molecular weight of PLA

block in the block polymer (kg/mol) and Z is the DCPD wt % used to
prepare the sample. All samples were prepared from a 75 wt % solution
of THFand the components andwere cross-linkedwith 0.5 wt%ofGII.
bMass loss corresponds to the total percentage ofmass loss upon etching
the sample. cDomain spacings where determined from SAXS at room
temperature using the Treubner-Strey microemulsion model. dA peak
was not observed in the scattering pattern of these samples. e Surface
area measurements were not performed on these samples as the samples
were too mechanically weak to analyze.

Table 1. Molecular Characteristics of PNS-PLA Block Polymers

polymer

Mn (kg/mol)a

PNS xN
b

Mn (kg/mol)a

PLA PDIc wPLA
d

PNS (11) 11 0.14 1.07

PNS-PLA (11-15) 11 0.14 15 1.45 0.58

PNS-PLA (11-26) 11 0.14 26 1.54 0.70

PNS-PLA (11-42) 11 0.14 42 1.55 0.79

PNS-PLA (11-57) 11 0.14 57 1.34 0.84

PNS-PLA (15-30) 15 0.02 30 1.21 0.67
aMolecular weights were determined by 1H NMR end-group analy-

sis. bMole fraction of N in the PNS block as determined by 1H NMR
spectroscopy. cPDI determined by size exclusion chromatography
based on poly(styrene) standards. dWeight fraction of PLA (wPLA =
Mn,PLA/(Mn,PNS þ Mn,PLA)).
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The principal domain spacing (D) can be extracted from
the fitting constants using eq 2.57

D ¼ 2π
1

2

a2

c2

� �1=2

-
1

4

c1

c2

" #- 1=2

ð2Þ

In the PNS-PLA (11-15) and PNS-PLA (11-26) samples,
D increased with increasing fraction ofDCPD in the samples
(Figure 4). This is consistent with trends observed in other
nanostructured thermosets formed via RIPS.14,15,17

SEM micrographs of cryo-fractured surfaces of the sam-
ples coated with 1.5 nm of platinum (Figure 5) revealed that
most of the etched films have a nanoporous bicontinuous

morphology including the PNS-PLA (11-42) and
PNS-PLA (11-57) containing samples that did not exhibit
a peak in the SAXS data. Domain spacings for these samples
based on the SEMmicrographswere>65nm, and such large
domain spacings would be difficult to discern given the range
of the SAXS instrument. The micrographs also reveal that
increasing PLA block size at fixed DCPD composition leads
to increasing pore size (consistent with the SAXSdata), while
increasing the DCPD composition at fixed PLA block size
leads to a coarsening of the structure. Additionally, unlike
the other samples, the PNS-PLA (11-15) D50, PNS-PLA
(11-15) D67, and PNS-PLA (11-26) D67 samples exhi-
bited largely nonporous morphologies, which is consistent
with the inability to etch all of the PLA based on the mass
loss data (Table 2).

The morphology of the PNS-PLA (11-Y) D83 films
could not be adequately characterized by a single micro-
graph. Figure 6 shows an example cross section of the
PNS-PLA (11-26) D83 sample. Region A is close to the
surface of the film exposed to air and was essentially non-
porous. Region B in the middle of the film contains both
porous and nonporous areas. RegionC depicts the section of
the film in contact with the glass vial used to prepare the
sample. This section of the film is quite similar to the
bicontinuous morphology observed for the other samples
except it has larger pores and a broader pore size distribu-
tion. These data indicate that in samples with a large DCPD
content the formation of composite materials is more com-
plicated than in the samples with less DCPD.

Nitrogen adsorption analysis of the etched samples re-
sulted in isotherms similar to type IV isotherms typical of
mesoporous materials (see Figure S8).58 Surface areas were
calculated using the Brunauer-Emmett-Teller (BET) mul-
tipoint method59 (Table 2). Pore size distributions were
determined using the Barrett-Joyner-Halenda (BJH) ap-
proach60 and are shown for the D33 samples and the
PNS-PLA (11-15) containing series in Figure 7.

Figure 3. One-dimensional SAXS profiles for the PNS-PLA (11-15) (left) and PNS-PLA (11-26) (right) series of films acquired at room
temperature. The solid and dashed lines are the scattering patterns before and after etching, respectively. Each set of scattering profiles was normalized
to each other, and each set was shifted vertically for clarity.

Figure 4. Domain spacing by SAXS analysis of the PNS-PLA
(11-15) (circles) and PNS-PLA (11-26) (squares) series of films both
before (filled) and after (open) etching as a function of DCPD wt %.
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Figure 5. Scanning electron micrographs of fractured surfaces of etched films. All samples were cryo-fractured and coated with 1.5 nm of platinum
prior to imaging to prevent charging.
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The D33 series of films shows that as the PLA block size
increases the pore size distribution shifts to larger diameters,
which corroborates trends in both the SAXS and SEM data.
Additionally, the BET surface areas decrease from 185 to 87
m2/g (Table 2) upon increasing the PLA molar masses from
15 to 57 kg/mol. Pore sizes for the PNS-PLA (11-15)
samples are essentially constant with increasing weight per-
cent of DCPD (up to 33 wt%DCPD).While the single PLA
block size led to relatively consistent pore sizes, the BET
surface area of these films decreases with increasing DCPD
concentration from 315 to 185 m2/g for DCPD concentra-
tions ranging from 0 to 33 wt %. Given the consistent pore
size distribution in these samples, the surface area of the films
decreases linearly with decreases in the volume fraction of
PLA in the composite as expected for a fixed pore size. At
higher DCPD compositions, the PNS-PLA (11-15) sam-
ples had very little or immeasurable surface areas consistent
with the SEM micrographs of the D50 and D67 samples.

The trend of a decreasing surface area observed for the
PNS-PLA (11-15) samples was also observed for the other
blockpolymer samplesathigherDCPDcompositions.Asurface
area was determined for the PNS-PLA (11-26) D50 sample;
however, samples areas for the D67 and D83 samples were
not measurable. Surface areas for the PNS-PLA (11-42) and

PNS-PLA (11-57) samples decreased linearly with decreases
in PLA volume fraction at all DCPD compositions.

Discussion

We demonstrated that the metathesis cross-linking of a THF
solution ofDCPD in the presence of a PNS-PLAblock polymer
can yield a nanostructured PDCPD/block polymer composite
sample, and the PLA in these samples can be etched to generate
nanoporous materials. Pore sizes could be tailored by adjusting
the size of the PLA block, and the porosity was controlled by
varying the DCPD content in the composites. We leave the
balance of the paper to discuss the mechanism of structure
formation in these composites. That is, how does a homogeneous
solution containing DCPD, PNS-PLA, and THF give the
observed structures upon addition of a metathesis catalyst?

Mechanism Investigation. In our initial attempts to form
nanostructured PDCPD composites we employed a non-
reactive PS-PLA block polymer and a potentially reactive
(i.e., double bond containing) poly(butadiene) [PB]-PLA
block polymer using a similar protocol to that described
above. In all cases, brittle opaque materials were formed
consistent withmacrophase separation.We hypothesized that
the reactive block needed to be capable of fully and rapidly
cross-linking into matrix to prevent macrophase separation,
and thus we subsequently developed the metathesis reactive
monomerN for incorporation into PS-PLA block polymers.
Inclusion of the reactive component led to the successful
formation of PDCPDwith a bicontinuous nanostructure; this
strategy prevented macrophase separation.43

To probe the number of cross-linkable groups necessary
for achieving a nanostructured sample, a PNS-PLA
(15-30) block polymer was prepared with 2 mol % N per
chain. Cross-linked DCPD films with PNS-PLA (15-30)
led to the formation of nanophase-separated structures
based on SAXS analysis, and SEM images of an etched
sample revealed a nanoporous bicontinuous structure (see
Figure S10). The success of a block polymerwith so few cross-
linkable units led us to synthesize a metathesis reactive end-
functionalized PLA homopolymer by the ROP of lactide
initiated by 2-hydroxymethyl-5-norbornene. Use of this end-
functionalizedPLA inour standardRIPSprocesswithDCPD
resulted inmacrophase separation. These results revealed that
whileminimal reactive norbornenes per PLAchain are needed
for effective nanostructure formation, inclusion of them in a
block polymer appears to be necessary; norbornene end-
functionalized PLA is apparently not sufficient.

The structures formed using the above approach are
kinetically trapped, and thus we examined the influence of

Figure 7. BJH pore size distributions for the D33 series of films (left) and PNS-PLA (11-15) series of films (right). The differential pore volume is
defined as the d(incremental pore volume)/d(log pore diameter).

Figure 6. Scanning electron micrographs of a fractured surface of the
PNS-PLA (11-26) D83 film. Cross section of the entire film (top left),
with the three regions highlighted corresponding to the other three
micrographs (A, B, and C) shown.
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gelation time on the final structure in a series of PNS-PLA
(11-15) D33 films cross-linked with 5, 0.5, and 0.05 wt %
GII. The films gelled almost instantly (5%), at 70 s (0.5%),
and at 13 min (0.05%). SAXS patterns (see Figure S11)
exhibited a single broad scattering peak for all three samples
with average domain spacings of 23, 21, and 21 nm for the
5%, 0.5%, and 0.05% films, respectively. SEM images of
etched films revealed bicontinuous structures (Figure 8) in all
cases. The small changes in domain spacing and lack of
variation among the SEM micrographs suggest that the
timing of gelation does not significantly impact resultant
structures. Thus, coarsening of the structure during theRIPS
process does not seem to be occurring to a significant extent.
An alternative conclusion is that the structure forms via a
self-assembly first mechanism. However, as previously
reported in ref 32, dynamic light scattering (DLS) analysis
of a THF solution of PNS-PLAandDCPDprior to catalyst
addition did not indicate any aggregation of the block
copolymer chains (i.e., micelle formation), suggesting that
the chains were simply dissolved in the solvent mixture prior
to cross-linking. From a practical view, using less catalyst to
obtain the same structure is desirable. Although the impact
of the mechanical properties was not investigated, a decrease
in the catalyst concentration could lead to a decrease in the
cross-linking density, possibly leading to weaker materials.

To track the structure development upon cross-linking, we
explored the evolution of the SAXS data as a function of
cross-linking time. In our initial SAXS experiments we
monitored structure development well into the cross-linking
and observed a shift of the principal scattering peak to lower
values of q (larger domain spacings). At longer cross-linking
times, electron density contrast was lost, and no further
information could be gathered. To overcome this limitation,
a PNS-PLA (11-15) D33 solution was prepared in benzene
and divided among five ampules. To four ampules 0.25 wt%
ofGII was added, and the samples were cross-linked for 10 s,
1 min, 8 min, and 1 h. After the designated times, further
structure development was arrested by immersion in a liquid
nitrogen bath, and the benzene was removed by sublimation
(i.e., freeze-dried). In this way, we can interrogate the
partially cured samples to get a sense of how and when the
nanostructure is formed. In addition to the freeze-dried
samples, the mixture in the fifth ampule was cross-linked
by our normal solvent evaporation protocol over (24 h) using
0.25 wt % GII. SAXS patterns for all the dried samples are
shown in Figure 9.

The SAXS patterns show the emergence of a scattering
peak at 10 s, which first shifts to low q and then back to high
q. These general shifts in the scattering profile qualitatively
match changes observed during our original in situ SAXS

experiments. The initial peak observed at 10 s corresponds to
a domain spacing of 19 nm and indicates that the sample is
already phase separated due to the increasing molecular
weight of the cross-linking components. At 1 and 8 min the
domain spacings were 20 and 24 nm, respectively. The
domain spacing increased as the material further organized
until gelation was reached at about 90 s. Upon gelation, the
material is a swollen network, and the domain spacing
decreases to 23 nm as swelling within the material reduces
due to concomitant evaporation of solvent. Finally, after
24 h all the solvent has evaporated, and the scattering vector
shifts to slightly higher values, resulting in a domain spacing
of 22 nm.

The change in domain spacing upon solvent evaporation
was corroborated by first swelling a cross-linked and dried
PNS-PLA (11-26) D50 sample in THF. The swollen
sample was then analyzed by SAXS every 10 min over a 40
min span while the THF evaporated. At the beginning of the
drying experiment, the sample did not have an observable
scattering peak likely due to a lack of electron density
contrast, but a broad peak was observed after 10 min of
drying at RT that shifted to higher q values at longer times.
The unswollen sample originally had a domain spacing of
34 nm, which after swelling shifted to 39 nm at 10min, 38 nm
at 20 min, 37 nm at 30 min, and 36 nm at 40 min. Qualita-
tively, the shift in domain spacing observed for the cross-
linked swollen sample is in good agreement with the decrease

Figure 9. One-dimensional SAXSprofiles for PNS-PLA (11-15)D33
samples freeze-dried after 10 s, 1 min, 8 min, and 1 h of cross-linking.
The 24 h sample was not freeze-dried as the solvent had already
evaporated. The arrow denotes the peak maximum.

Figure 8. Scanning electron micrographs of fractured surfaces of etched PNS-PLA (11-15) D33 films cross-linked with (A) 5, (B) 0.5, and (C) 0.05
wt % of GII.
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in domain spacing after gelation in the freeze-dried samples,
supporting the conclusion that the change in domain spa-
cings are due to evaporation of the solvent.

Morphological Control.The SEMmicrographs in Figure 7
revealed that most samples exhibited bicontinuous nanopor-
ous morphologies while a few were nonporous. Specifically,
films PNS-PLA (11-15) D50, PNS-PLA (11-15) D67,
and PNS-PLA (11-26) D67 were largely nonporous, in-
dicating possible encapsulation of PLA within the matrix,
which was corroborated by the mass loss data for those
samples (Table 2). These samples illustrate that there is an
upper limit to the level of DCPD incorporation in
PNS-PLA (11-15) and PNS-PLA (11-26) samples re-
quired to access a bicontinuous structure. On the other hand,
films templated with PNS-PLA block polymers containing
larger PLAblocks retained bicontinuous structures at higher
DCPD fractions. For example, in the case of the PNS-PLA
(11-42) and PNS-PLA (11-57) templated membranes,
bicontinuous structures were observed using up to 67 wt %
DCPD.

We examined the effect of PLA block length (composition)
on the nature of the reactive solution prior to cross-linking.
Previous DLS results suggested that prior to cross-linking the
PNS-PLA chains were simply dissolved in the mixture of
THF and DCPD.43 To complement that study, we examined
the extent of overlap of the PNS-PLA block polymers in
solution as this could influence the final morphology. The
overlap concentration (c*) for the polymer chains can be
estimated by eq 3.61

c� ¼ 3M

Nav4πRg
3

ð3Þ

whereM is the molecular weight of the block polymer,Nav is
Avogadro’s number, and Rg is the radius of gyration. The

radius of gyration was estimated based on the hydrodynamic
radius (Rh) measured for the free chains in THF using DLS
(see Supporting Information) and the relationship in eq 4.62

Rg ¼ Rh

0:66
ð4Þ

Table 3 contains the calculated c* for the block polymers in
mg/mL and an extent of overlap c/c* for each sample. The
transition between nonbicontinuous and bicontinuous struc-
tures was within c/c* ranges of 1.8-2.5 for PNS-PLA
(11-15), 1.5-2.2 for PNS-PLA (11-26), 1.0-2.0 for
PNS-PLA (11-42), and 1.1-2.3 for PNS-PLA (11-57)
solutions. From these data, it appears that the critical con-
centration (i.e., extent of overlap) to achieve a bicontinuous
structure is around 2c*.

The apparent relation between the morphology and the
extent of block polymer overlap sheds light on the structure
formation mechanism. Initially, the cross-linking solution
contains solvent (i.e., THF), DCPD, and PNS-PLA. After
adding the catalyst, the PNS block and DCPD cross-link,
and their increasing molecular weight increases the free
energy of mixing with the PLA until the PLA block phase
separates from the developing PNS/PDCPD matrix. If
the block polymer was well overlapped, a bicontinuous
structure forms to best minimize interfacial tension with
the matrix material. That is, isolated domains of PLA would
have a higher interfacial area with the PNS/PDCPD matrix
than a percolating 3-D structure at the same volume frac-
tion.63 At lower block polymer concentrations the PLA
chains are more easily encapsulated and form isolated do-
mains in the developing PNS/PDCPD matrix.

To examine the morphological dependence on the extent
of overlap, two PNS-PLA (11-26)D33 samples were cross-
linked at 85 and 92 wt%THF instead of the 75 wt%used in
all of the above experiments. Dilution of the cross-linking
solution caused a delay in gelation from 70 s at 75 wt % to
3min at 85 wt%while the 92 wt% sample did not form a gel
but ultimately solidified as a coating on the sample vial after
16 h. SEM micrographs of freeze-fractured surfaces of
etched films are shown in Figure 10. The 85 wt % sample
appears to have a bicontinuous structure, but the structure is
more open than the 75wt% sample. The 92wt% sample has
some bicontinuous areas, but the structure is more collapsed
and less uniform than the other two samples.

The c/c* ratio was 2.9, 1.5, and 0.7 for the 75, 85, and 92
wt% samples, respectively. The formation of a bicontinuous
structure at a c/c* of 1.5 for the 85 wt% sample is just at the
edge of the transition range for the PNS-PLA (11-26)
samples (1.5-2.2) as determined above. The c/c* ratio for
the 92 wt % sample was 0.7, which is below the range of
the bicontinuous structures observed for the PNS-PLA

Figure 10. Scanning electron micrographs of fractured surfaces of PNS-PLA (11-26) D33 samples cast at (A) 75, (B) 85, and (C) 92 wt % THF.

Table 3. Estimated Overlap Concentration (c*) for the PNS-PLA
BlockPolymers and theRatio of c/c* for Each of theDCPDSolutions

Prior to Cross-Linking
a

PNS-PLA
(11-15)

PNS-PLA
(11-26)

PNS-PLA
(11-42)

PNS-PLA
(11-57)

c* b 82 68 51 44
c/c* D0 3.7 4.4 5.9 6.8
c/c* D17 3.1 3.7 4.9 5.7
c/c* D33 2.5 2.9 3.9 4.5
c/c* D50 1.8 2.2 3.0 3.4
c/c* D67 1.2 1.5 2.0 2.3
c/c* D83 0.6 0.7 1.0 1.1

aFinal cross-linked samples that were determined to be bicontinuous
are in italics, and samples that were nonbicontinuous are in bold.
bCalculated overlap concentration for the block polymer in mg/mL
based on DLS results (see Supporting Information).



3932 Macromolecules, Vol. 43, No. 8, 2010 Amendt et al.

(11-26) samples, and the formation of a more collapsed
structure with nonbicontinuous areas is consistent with the
morphological dependence on the extent of overlap.

The above analysis allows for structure predictions based
on the block polymer molecular weight and composition of
the solution prior to cross-linking. Figure 11 shows a mor-
phology map for the films formed in this study. It also
illustrates compositions of the smaller overlapping c/c* range
(1.8-2.0) for the four block polymers at a THF composition
of 75 wt % (gray areas). Compositions to the upper left of
these regions would be more overlapped and likely result in a
bicontinuous morphology, while compositions to the lower
right would be less overlapped and likely result in encapsu-
lated PLA domains and nonbicontinuous samples.

Summary

We explored the templating of nanostructures within a DCPD
thermoset by a metathesis reactive block polymer, PNS-PLA.
Nanophase-separated morphologies from homogeneous solu-
tions of the components formed via aRIPSmechanism.Mechan-
istic investigations revealed that cross-linking the PNS block into
the thermoset matrix was vital to limitingmacrophase separation
and that the morphologies were unaffected by altering the
catalyst concentration. Examining a wide range of compositions
with multiple PLA block lengths revealed that the pore size and
surface area of thematerials can be tailored by changing the PLA
block size and DCPD composition, respectively. Additionally, a
transition from a bicontinuous morphology to an encapsulated
morphology was observed in the samples. The morphology
formed was found to depend on the concentration of block poly-
mer relative to the overlap concentration, allowing for morpho-
logical control and predictions based on the block polymer size
and cross-linking solution composition.

Experimental Section

Materials. Unless specifically noted, all chemicals were used
as received from Aldrich. Styrene was first passed through a

basic alumina column and then distilled over calcium hydride
under reduced pressure. Ethylene oxide was distilled over
butylmagnesium chloride under reduced pressure. 4-Chloro-
methylstyrene was passed through a basic alumina column.
DL-Lactide (99%) purchased from Purac was recrystallized
twice from ethyl acetate and stored under a N2 atmosphere.
GII was a gift fromMateria and was used as received. Degassed
THFwas purified by passage over an activated alumina column,
while degassed toluenewas purified by passage over an activated
alumina column and supported copper catalyst column to
remove protic impurities and oxygen prior to use.

Characterization.
1HNMR spectroscopy was performed on a

Varian Inova 500 instrument operating at 500 MHz. Solutions
were prepared in CDCl3 (Cambridge Isotope Laboratories) at
∼10 mg/mL. All spectra were obtained at 20 �C after 64
transients using a relaxation delay of 5 s with chemical shifts
reported as δ (ppm) relative to the 1H signals from hydrogenous
solvent (7.27 ppm for CHCl3).

SECwas used to evaluate themolecular weight evolution and
polydispersity indicies of all the samples. Samples were prepared
at concentrations near 1mg/mL inCHCl3 or THFdepending on
the instrument used. The first SEC instrument operates at 35 �C
with CHCl3 as the mobile phase through three PLgel 5 μm
Mixed-C columns in series with molecular weight range
400-400 000 g mol-1. The columns are housed in a Hewlett-
Packard (Agilent Technologies) 1100 series liquid chromato-
graph equipped with a Hewlett-Packard 1047A refractive index
detector. PDIs are reported with respect to polystyrene stan-
dards obtained from Polymer Laboratories. A second SEC
instrument is a Waters 150 CALC/GPC instrument using three
Phenomenex Phenogel columns of 103, 104, and 105 Å poro-
sities coupled with a Wyatt OPTILAB refractive index detector
and a Wyatt DAWN multiangle light-scattering detector. This
instrument operates at 40 �C with THF as the mobile phase and
a flow rate of 1 mL/min.

SAXSprofiles were recorded on a custom-built beamline at the
University of Minnesota. Cu KR X-rays (λ = 1.542 Å) were
generated through a Rigaku RU-200BVH rotating anode fitted
with a 0.2� 2mm2microfocus cathode andFranksmirror optics.
Two-dimensional (2-D) diffraction patters were recorded for
300 s using a Siemens area detector and corrected for detector
response before analysis. 2-D images were azimuthally integrated
to a 1-D plot of intensity versus q.

SEM images were obtained on a Hitachi S-900 FE-SEM
instrument using a 3.0 kV accelerating voltage. Prior to SEM
analysis, cryo-fractured monoliths were coated with a 1.5 nm
thick platinum layer via direct platinum sputtering using a VCR
ion beam sputter coater. Nitrogen adsorption experiments were
carried out on a Micromeritics ASAP 2000 V3.00 sorption
analyzer, and samples were prepared by degassing under high
vacuum at 60 �C for at least 6 h.

Samples were prepared for DLS by dissolving each block
polymer at 2 wt % in THF. The block polymer solutions were
then filtered through 0.45 μm microfilters (Millipore) into dust-
free 0.25 in. diameter glass tubes. Samples were immersed in a
temperature-controlled silicon oil bath inside a home-built goni-
ometer, and DLS measurements were performed using a Lexel
model 75 Arþ ion laser with a 488 nm operating wavelength. A
Brookhaven BI-DS photomultiplier was used to detect the
scattered light intensity, and the resulting signal was processed
using a BI-9000AT digital correlator. The intensity autocorrela-
tion function was measured over an hour for each polymer at
25 �Cand angles of 60�, 90�, and 120�, and the resulting datawere
processed as outlined in the Supporting Information.

Synthesis. Synthesis of Hydroxyl-Terminated Poly(norbor-
nenylethylstyrene-s-styrene) (PNS-OH). PNS-OHwas prepared
in an approach adapted from a previously reported method for
the synthesis of hydroxyl-terminated polystyrene.50 A 1 L
round-bottom flask adapted with five threaded glass connectors
was heated at 250 �C overnight under vacuum. Then a glass stir

Figure 11. Phase diagram of the films formed in this study where the
filled triangles represent bicontinuous structures and the empty trian-
gles represent structures with isolated PLA domains (i.e., non-
bicontinuous). The gray areas depict compositions with c/c* ratios
between 1.8 and 2.0 for the block polymers assuming a THF composi-
tion of 75 wt %.
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bar and p-norbornenylethylstyrene (2.02 g, 9.02 mmol), pre-
pared via previously reported methods,43,44 were added under a
positive pressure of argon. Next a buret of purified styrene
(4.79 g, 46.1 mmol), a buret of purified ethylene oxide (5.40 g,
123 mmol), and a flask of 0.3 L of purified THF were connected
to the reaction flask via threaded glass connectors. Five pump
purge cycles with argon were performed on the reaction flask
before it was pressurized with argon. THF was added to the
reaction flask, whichwas submerged in an isopropyl alcohol/dry
ice bath. The styrene was then added to the reaction flask,
followed by the addition of sec-butyllithium (0.70 mL, 0.49
mmol). The polymerization was allowed to proceed for 30 min,
and then the ethylene oxide was added. The solution was slowly
warmed to room temperature over an hour and allowed to stir
overnight. The alkoxy chain end was terminated by the addition
of 3 mL of a 1 M hydrochloric acid solution in methanol that
had been degassed by bubbling with argon for 15 min and
allowed to stir for 1 h before being precipitated methanol. The
precipitate was recovered by vacuum filtration and then repre-
cipitated in methanol from THF. The precipitate was again
recovered via vacuum filtration before being dried under va-
cuum for 48 h. 6.193 g of a white powder was recovered for a
yield of 90.1%. Number-average molecular weight of the poly-
mer was 11 kg/mol with a 14% mole fraction of norborneny-
lethylstyrene as determined by 1H NMR end-group analysis.
SEC analysis determined a PDI of 1.09. 1H NMR (CDCl3):
δ 6.30-7.20 (b, ArH), 5.90-6.20 (b, -CHdCH-), 3.27 (b,
-CH2-OH), 2.78-2.81 (-CH-CH2dCH2-CH-), 2.53 (b,
Ar-CH2-), 2.02 (b, -CH-CH2-CH2-Ar), 1.86 (b, -CH-
CH2(exo) -CH-), 1.41 (b, -CH-CH2-CH- and
-CH2-CH2-Ar), 1.23 (b, -CH-CH2-CH), 0.9 (b, -CH2-
of initiator), 0.7 (b, -CH3 of initiator), 0.56 (b, CH-CH2-
(endo)dCH).

Synthesis of Poly(norbornenylethylstyrene-s-styrene)-b-Poly-
(lactide) (PNS-PLA). All PNS-PLA block copolymers were
synthesized following the same general procedure based on the
ROP of lactide using a triethylaluminum PNS-OH macroini-
tiator. An example synthesis is described for PNS-PLA
(11-15). 2.00 g (0.154 mmol) of PNS (11) and a Teflon stir
bar were added to a 48mL round-bottompressure vessel capped
with a Teflon screw-cap. The pressure vessel was placed in a
glovebox under a nitrogen atmosphere, and 25 mL of toluene
and 75 μL (0.75 mmol) of a 1 M triethylaluminum solution in
heptanes were added via a graduated cylinder and a syringe,
respectively. The pressure vessel was capped and stirred for 16 h,
and then 3.331 g (23.1 mmol) of DL-lactide was added. The
pressure vessel was capped and removed from the glovebox and
heated at 105 �C for 5 h. The polymerization was terminated by
the addition of 2 mL of a 2 M hydrochloric acid solution in
methanol, and the polymerization solution was then precipi-
tated in methanol. The precipitate was recovered via vacuum
filtration and reprecipitated in methanol from THF. The pre-
cipitate was once again recovered via vacuum filtration and
dried under vacuum for 48 h. 4.740 g of a white solid was
recovered for a yield of 89.0%. Number-average molecular
weight of the polymer was 15 kg/mol as determined by 1H
NMRend-group analysis, while the PDIwas 1.45 as determined
by SEC. 1HNMR(CDCl3): δ 6.30-7.20 (b,ArH), 5.90-6.20 (b,
-CHdCH-), 5.13-5.24 (m,-C(O)-CH(CH3)-O-), 4.36 (m,
-C(O)-CH(CH3)-O- end group), 2.78-2.81 (-CH-CH2d
CH2-CH-), 2.53 (b, Ar-CH2-), 2.02 (b, -CH-CH2-
CH2-Ar), 1.86 (b, -CH-CH2(exo) -CH-), 1.57 (b, -C(O)-
CH(CH3)-O-), 1.41 (b, -CH-CH2-CH- and -CH2-
CH2-Ar), 1.23 (b, -CH-CH2-CH), 0.9 (b, -CH2- of initi-
ator), 0.7 (b,-CH3 of initiator), 0.56 (b, CH-CH2(endo)dCH).

Preparation of Nanoporous Films. Films were formed by
dissolving the PNS-PLA template and DCPD in 1.0 mL of
THF at the desired compositions followed by the addition of a
GII in solution (0.2 mL). After stirring for 10 s, the stir bar was
removed; the vial was placed under a crystallization dish, and

the solutionwas allowed to cross-link for 18 h. The filmwas then
uncovered and placed in an oven at 100 �C to anneal the film.
Films were then cut into smaller pieces (approximately 5 mm �
3 mm � 1 mm), immersed in a 0.5 M NaOH solution (40/60 by
volume ofmethanol andwater), andheated at 70 �C for 3 days to
remove the PLA. Resultant monoliths were washed withmetha-
nol and dried under vacuum for 24 h.
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