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Abstract

The use of semi-hydrolyzable oligoester-derivatized interpenetrating polymer networks (IPNs) as nanostructured precursors provides
a straightforward and versatile approach toward mesoporous networks. Different poly(p,L-lactide) (PLA)/poly(methyl methacrylate)
(PMMA)-based IPNs were synthesized by resorting to the so-called in situ sequential method. The PLA sub-network was first generated
from a dihydroxy-telechelic PLA oligomer via an end-linking reaction with Desmodur® RU as a triisocyanate cross-linker. Subsequently, the
methacrylic sub-network was created by free-radical copolymerization of methyl methacrylate (MMA) and a dimethacrylate (either bisphenol
A dimethacrylate or diurethane dimethacrylate) with varying compositions (initial MMA/dimethacrylate composition ranging from 99/1 to 90/
10 mol%). Both cross-linking processes were monitored by real-time infrared spectroscopy. The microphase separation developed in IPN pre-
cursors was investigated by differential scanning calorimetry (DSC). Furthermore, the quantitative hydrolysis of the PLA sub-network, under
mild basic conditions, afforded porous methacrylic structures with pore sizes ranging from 10 to 100 nm —at most— thus showing the effective
role of cross-linked PLA sub-chains as porogen templates. Pore sizes and pore size distributions were determined by scanning electron micros-
copy (SEM) and thermoporometry via DSC measurements. The mesoporosity of residual networks could be attributed to the good degree of

chain interpenetration associated with both sub-networks in IPN precursors, due to their peculiar interlocking framework.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Interest in the design of porous polymeric materials origi-
nates from the large variety of applications in which they
are involved, e.g. monoliths for chromatographic techniques,
separation membranes, interlayer dielectrics, high surface
area catalytic supports, as well as size/shape-selective nano-
reactors [1—6]. In addition to the classical synthetic strategies
based on the use of simple porogens such as solvents or gases,
original approaches using suitable porogen templates have
emerged: such templates are able to induce specific structural
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pores within the residual structures. These template-oriented
routes are quite interesting as a wide array of porous polymers
with a well-defined porosity can be derived therefrom [7,8].
Some elegant methodologies include molecular imprinting
[9,10], removal of self-assembled molecules from supramolec-
ular architectures [11], selective destruction of one block in
self-organized block copolymers [12—20], and selective ther-
mal or photochemical degradation of a thermoplastic polymer
homogeneously blended within a thermostable polymer matrix
[21—23]. Even though semi-degradable block copolymers are
arguably ideal precursors for the formation of ordered meso-
porous systems, the relatively poor mechanical, thermal, and
chemical stability of un-cross-linked polymer structures en-
tails that cross-linking of the remaining block in the residual
porous matrices generally appears to be crucial to get access
to some of the aforementioned applications.


mailto:grande@glvt-cnrs.fr
http://www.elsevier.com/locate/polymer

7018 G. Rohman et al. | Polymer 48 (2007) 7017—7028

An alternative strategy for engineering porous cross-linked
materials has been put forward only by a handful number of
research teams via the use of interpenetrating polymer net-
works (IPNs) as precursors [24—26]. IPNs are generally de-
fined as a combination of two independent polymers in
a network form, at least one of which has been synthesized
in the presence of the other [27]. Due to their interlocking
framework, macrophase segregation is prevented, and the spa-
tial scale of phase separation may be restricted to domain sizes
of a few hundreds or even tens of nanometers. It is noteworthy
that IPN morphology is mainly governed by the interplay be-
tween two types of competitive factors: thermodynamic ones,
i.e. intermolecular interactions between both partners, versus
kinetic ones, i.e. competition between cross-linking and phase
separation. Hence, the microphase-separated morphologies de-
veloped in IPNs can be synthetically controlled by the proper
selection of component nature and composition, as well as po-
lymerization kinetics and mechanisms. Such complex polymer
structures are of particular interest when they arise from the
association of two components that exhibit a contrasted de-
gradability under specific conditions. Indeed, (meso)porous
networks can be generated from such IPNs by resorting to
selective degradation methods [24—26].

The first porous polymers were derived from sequential
IPNs based on polystyrene (PS) and poly(n-butyl acrylate)
(PBA) with various compositions in which the latter sub-net-
work contained labile cross-links resulting from acrylic acid
anhydride and the PS sub-network contained stable cross-links
arising from divinylbenzene [24]. De-cross-linking of the
PBA-based sub-network was accomplished by selectively
hydrolyzing the labile cross-links under mild basic conditions,
thus leading to the formation of PS-based porous networks.
Du Prez and Goethals [25] reported the synthesis of porous
sequential IPNs prepared by the copolymerization of an acry-
late-terminated poly(1,3-dioxolane) bismacromonomer with
methyl (meth)acrylate, followed by copolymerization of
methyl (meth)acrylate and tetracthylene glycol diacrylate.
The poly(1,3-dioxolane) segments were degraded under strong
acidic conditions, thus affording residual porous poly(meth)-
acrylate networks. It should be stressed that in both studies
the primary aim was not the preparation of porous materials;
the main purpose was actually the development of an approach
to get an insight into the morphologies of IPNs. Electron beam
irradiation is another interesting method for pore generation
from IPNs, as reported by Pionteck for IPN-like structures
based on polyethylene (PE) and poly(methyl methacrylate-
co-butyl methacrylate) [26]. Partial decomposition of the poly-
methacrylate partner was achieved by using an irradiation dose
of 800 kGy, while further cross-linking the PE sub-network.
This “selective” degradation resulted in an open porous PE
structure, thus providing a new way to get access to polymer
membranes useful for micro- or ultra-filtration.

Accordingly, it is obvious that detailed studies on (meso)-
porous polymers derived from IPNs remain scarce. In this con-
text, our group has undertaken a thorough investigation of the
scope and limitations associated with the utilization of two
types of reference systems for the design of (meso)porous

cross-linked materials. We have recently reported the straight-
forward and effective preparation of (meso)porous networks
with tunable pore sizes from semi-IPNs constituted of un-
cross-linked oligoesters entrapped in a “rigid” sub-network
[28]. In continuation of the latter work, the present paper fo-
cuses on the synthetic strategy developed to get access to
(meso)porous networks using poly(p,L-lactide) (PLA)/poly-
(methyl methacrylate) (PMMA)-based IPNs as nanostructured
precursors. After describing the synthesis of such IPNs
through the so-called in situ sequential method [29], the kinet-
ics of the cross-linking processes involved in network forma-
tion is examined by real-time infrared spectroscopy. To gain
an insight into the microphase separation developed in the sys-
tems considered, a differential scanning calorimetry (DSC)
investigation is also performed. Then, by taking advantage
of the well-known hydrolytic degradability of PLA, meso-
porous methacrylic networks can be generated from the semi-
hydrolyzable IPNs upon hydrolysis of the PLA sub-network,
under mild basic conditions. The dependence of the porosity
associated with the resulting networks on two structural pa-
rameters, namely the cross-link density of the PMMA sub-
network and the nature of the corresponding cross-linker, is
particularly investigated. Pore sizes and pore size distributions
are determined by scanning electron microscopy (SEM) and
thermoporometry using DSC.

2. Experimental section
2.1. Materials

Dihydroxy-telechelic PLA (M, ("H NMR) = 1700 g mol ';
M /M, (SEC)=1.2) was synthesized by ring-opening poly-
merization of b,L-lactide initiated by the ethylene glycol/tin(II)
octanoate system, as previously described [30]. Dibutyltin di-
laurate (DBTDL, Fluka) was used as received. 4,4',4"-Triiso-
cyanato-triphenylmethane (Desmodur® RU, 1.25 molL™" in
dichloromethane solution) was provided by Bayer. Methyl
methacrylate (MMA, Aldrich) was dried over CaH,, and dis-
tilled under vacuum prior to use. Bisphenol A dimethacrylate
(BADMA) and diurethane dimethacrylate (DUDMA) were
purchased from Aldrich and used as received. AIBN (Merck)
was purified by recrystallization in methanol.

2.2. Network synthesis

2.2.1. PLA single network

A PLA single network was typically prepared as follows by
using [NCO]y/[OH], and [DBTDL]y/[PLA]j ratios of 1.4 and
0.44, respectively. One gram (5.9 x 10~* mol) of PLA was dis-
solved in 0.91 mL (1.21 g) of dichloromethane and subse-
quently, 0.45 mL (0.21 g, 5.6 x 10~* mol) of Desmodur® RU
and 0.15 mL (2.5 x 10~ mol) of DBTDL were added under
nitrogen. The solution was poured under nitrogen into
a mold which consisted of two glass plates clamped together
and separated by a 2-mm thick silicone rubber gasket. After
20 h at room temperature, the mold was kept at 65 °C for
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Fig. 1. Preparation of PLA-based single network.

2 h, and the reaction medium was finally cured at 110 °C for
2 h (Fig. 1).

2.2.2. PMMA single networks

Typically, a single network with a MMA/DUDMA molar
composition of 90/10 mol% was prepared as follows. A homo-
geneous mixture of MMA (0.9 g, 9 x 1073 mol), DUDMA
(0.47 g, 1072 mol), and AIBN (0.033 g, 2 x 10~* mol, [AIBN]y/
([IMMA], + 2[DUDMA],) = 0.02) was degassed under vac-
uum, and poured under nitrogen into a mold, as in the previous
case. The mold was then kept at 65 °C for 2 h, and the reaction
medium was finally cured at 110 °C for 2 h (Fig. 2).

2.2.3. PLAIPMMA IPNs

A standard synthesis of an IPN with a PLA/PMMA mass
composition of 50/50 wt% and a MMA/DUDMA molar com-
position of 90/10 mol% is described next. One gram
(5.9 x 10~* mol) of PLA, 0.76 g (7.6 x 10> mol) of MMA,
0.40g (8.5x 10 *mol) of DUDMA, and 0.028 g (1.7 x
107" mol) of AIBN ([AIBN]o/(IMMA],+ 2[DUDMA]y) =
0.02) were mixed homogeneously in a flask and degassed
under vacuum. A 0.45 mL (0.21 g, 5.6 x 1074 mol) of Desmo-
dur® RU and 0.15 mL (2.5 x 10~* mol) of DBTDL were then
added under nitrogen in a glove box. Subsequently, the solu-
tion was introduced under nitrogen into a mold. After 20 h
at room temperature, the mold was then placed in an oven op-
erating at 65 °C. After 2 h, the temperature was raised to
110 °C for a 2 h of curing. It is noteworthy that the [NCO]y/

St

O—X—0

*—X—*:* * (BADMA)

CH,

[OH], and [DBTDL]y/[PLA], ratios were constant and equal
to 1.4 and 0.44, respectively.

Other PMMA single networks and IPNs are synthesized in
similar ways by changing the dimethacrylate nature (DUDMA
or BADMA) and/or the initial MMA/dimethacrylate molar
composition (90/10, 97/3, 95/5, or 99/1 mol%), as depicted
in Figs. 2 and 3, respectively.

2.2.4. Network extraction

To remove the sol fractions and determine their amounts,
all networks were subjected to a Soxhlet extraction with di-
chloromethane for 24 h. The recovered sol fractions (after re-
moving the solvent using a rotary evaporator) and extracted
networks were dried under vacuum, and weighed prior to fur-
ther analyses. The amounts of sol fractions were calculated as
the mass percentages of extractables.

2.3. Formation of porous networks by PLA hydrolysis
from IPNs

A network sample (0.2 g) was immersed at 60 °C, in differ-
ent vials containing 4 mL of a phosphate buffer aqueous solu-
tion (5 x 1072 mol L' KH,PO,, 4.9 x 10> mol L~! NaOH,
pH = 8.2) and 4 mL of ethanol. After a given period of time,
the reaction medium was neutralized by a 0.1 molL ™'
NaOH aqueous solution, and the residual network was rinsed
with distilled water up to neutral pH. The sample was finally
dried under vacuum, and weighed prior to further analyses.

The total hydrolysis of the PLA sub-network from IPNs
thus led to the formation of residual porous methacrylic net-
works (Fig. 3).

2.4. Instrumentation

"H NMR spectra of sol fractions and hydrolysis products
were recorded at room temperature using a Bruker AC 200 spec-
trometer operating at a resonance frequency of 200 MHz. The
sample concentration was 10 mg mL ™", and CDCl; was used
as the solvent and internal standard (7.27 ppm). High-resolution
solid-state '>C NMR spectra of networks were obtained at a

|
0r*—X—*=*—CH2-CH2—O—ﬁ—NH-CHZ—(—Cl:—CHZ-)E CHZ-NH—ﬁ-O—CHZ-CHZ—*(DUDMA)

0} R

1)65°C, 2 h
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PMMA-based single network

(R=Hor CH,)

Fig. 2. Preparation of PMMA-based single networks.
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Fig. 3. Synthesis of PLA/PMMA-based IPNs and design of porous PMMA
networks derived therefrom.

Larmor frequency of 75.46 MHz on a Bruker Avance 300 spec-
trometer using the combined techniques of cross-polarization
(CP), dipolar decoupling (DD), and magic angle spinning
(MAS). A 4 mm MAS head probe was used with a spinning fre-
quency of 6500 Hz. The spectra were calibrated by taking the
13C chemical shift of the carbonyl band of a-glycine as an exter-
nal reference standard (176 ppm).

The size exclusion chromatography (SEC) equipment con-
sisted of a Spectra Physics P100 pump, two PLgel 5 pum
mixed-C columns (Polymer Laboratories), and a Shodex RI
71 refractive index detector. Tetrahydrofuran (THF) was
used as the eluent at a flow rate of 1 mL min~', and polysty-
rene standards (Polymer Laboratories) were employed for
calibration.

DSC analyses were carried out with a Perkin Elmer DSC 4
calorimeter under a nitrogen atmosphere. PMMA single net-
works and IPNs were scanned twice from —50 °C to 200 °C.
PLA single networks were heated from —50°C to 100 °C
and from —50 °C to 200 °C for the first and second scans, re-
spectively. The heating rate was equal to 20 °C min~ ', and the
second run was recorded after quenching. No noticeable deg-
radation was detected under such conditions. The T, values
were measured in the second run.

Scanning electron microscopy (SEM) analyses were per-
formed with a LEO 1530 microscope equipped with a high-
vacuum (10*10 mmHg) Gemini column. The accelerating
tensions ranged from 1 to 5 kV; two detectors (InLens and
Secondary Electron) were used. Prior to analyses, the samples
were cryofractured and coated with a Pd/Au alloy (4 nm) in
a Cressington 208 HR sputter-coater.

2.5. Kinetic studies by real-time FTIR spectroscopy

In the kinetics studies, the FTIR spectra were recorded on
a Bruker Tensor 27 DTGS spectrometer between 6500 and
450 cm ™' by averaging 32 consecutive scans with a resolution
of 4cm™'.

In the case of PLA network, the formation was monitored
through the disappearance of the N=C=O0 stretching absorp-
tion band at 2275 cm™'. The PMMA network formation could
be monitored in real-time in the near-infrared spectral region
through the disappearance of the C=C—H overtone absorption

band from the methacrylate groups at 6168 cm ™. Prior to the
analyses, the validity of the Beer—Lambert law was checked
in the concentration and temperature ranges used in this
work. Consequently, the band intensity was directly propor-
tional to the monomer concentration and the conversion—
time profiles could be readily derived from the FTIR spectra
recorded as a function of time. Indeed, from the initial absor-
bance value A and that at a given time A,, the relative conver-
sion can be determined as p =1 — AJ/Aq.

The mixture of all reagents was injected into an IR cell
which was built for each experiment. The cell was fixed into
a solid holder that was placed in an electrical heating jacket
equipped with an automatic temperature controller. The tem-
perature of the block was constant within £1 °C of the set
temperature. In the case of PMMA single networks, a glass-
window cell with a 1 mm-thick Teflon® gasket was used to
record the conversion of methacrylate groups, as the corre-
sponding overtone absorption is situated in the near-infrared.
Concerning PLA single networks and IPNs, a fluorine-window
cell with a 200 pm-thick Teflon® gasket was used.

2.6. Thermoporometry by DSC

In order to increase the hydrophilicity of the porous meth-
acrylic networks and facilitate the penetration of water into
their pores, the samples were first immersed in ethanol for
2 h. After this preliminary treatment, deionized water was
gradually added to replace the ethanol [31]. The samples
were placed for 1 h in ethanol/water mixtures of different vol-
ume compositions (70/30, 50/50, 30/70 vol%), and they were
then immersed in pure water for 2 weeks. After wiping, the
melting thermograms of water were recorded from —50 °C
to 5 °C at a heating rate of 1 °C min™".

From such melting thermograms of water contained in the
porous networks, the melting temperature (7},) depression
could be correlated to the pore diameter D, as indicated by

Eq. (1) [31-33]:
32.33
where Ty, and T,y are the melting temperatures of confined
and bulk water, respectively.
The pore size distribution dV/dR vs. D, could be derived
from the melting thermograms by using Eq. (2) [31—33]:

_ dg/dt(T — Two)’

dV /dR 3 -1 -1 —_
/dR(cm’ nm" g”") 32.33pvmAH(T)

(2)

where dg/dt, p, v, m and AH(T') are the heat flow recovered by
DSC, the water density, the heating rate, the sample mass and
the melting enthalpy of water, respectively. AH(T) was calcu-
lated from Eq. (3) [31—33]:

AH(T) (Tg™') =332+ 11.39(T,, — To)’

3)

To) +0.155(Tm —
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2.7. Determination of density values and porosity ratios

Following the procedure adopted for thermoporometry
analyses, the IPN samples after hydrolysis were placed in eth-
anol/water mixtures, and then immersed in pure water for 2
weeks at room temperature. The equilibrium mass swelling
ratio, g, was calculated from Eq. (4):

My,
= (4)
where my and my, stand for the residual masses of the hydro-
lyzed samples after vacuum drying, and their wet mass after
wiping, respectively.

Considering that water is a non-swelling solvent for PMMA
sub-chains, the water uptake could be ascribed to the filling of
pores within the porous methacrylic matrix. Therefore, the
pore volume could be assessed from Eq. (5), and the apparent

density, dqpp, could be obtained from Eq. (6) [34]:
3 -1 1
Vpores (Cm‘ g ) = d_(qw - 1) (5)
1 1
V ores — 5 (6)
’ dapp dtrue

where d; and d,,. stand for the solvent density (water), and the
true density of the PMMA matrix as determined by helium pycn-
ometry at 25 °C, respectively. A Micromeritics Accupyc 1330
equipment was used for helium pycnometry measurements.

The values of porosity ratios (P) were then derived from
Eq. (7):

d,
P:l—f’ (7)

3. Results and discussion
3.1. Preparation and characterization of single networks

Before assembling PLA and PMMA into an IPN structure,
PLA- and PMMA-based single networks were prepared as
model systems.

3.1.1. PLA single network

First, a PLA-derivatized single network was synthesized by
an end-linking reaction involving the terminal hydroxyl
groups of a dihydroxy-telechelic PLA oligomer and the antag-
onist isocyanate functions of a trifunctional cross-linker (Des-
modur® RU): polar and rigid urethane-type cross-links were
thus created within the resulting network (Fig. 1). The reaction
was carried out under inert atmosphere, in the presence of
DBTDL as a catalyst. After 20 h at room temperature, the re-
action medium was heated to 65 °C for 2 h, and finally cured
at 110 °C for 2 h to ensure the completion of the cross-linking
process. It is noteworthy that an isothermal thermogravimetric
analysis (TGA) of the network at 110 °C for 2 h did not show

any thermal degradation; a classical TGA measurement
showed that the decomposition of such a structure begins at
115°C. In order to compare this simple system with the
more complex PLA-based IPNs, the formation of PLA net-
work was conducted in dichloromethane solution with the
same mass composition as that associated with IPN compo-
nents, namely (PLA + Desmodur® RU)/CH,Cl, was equal to
50/50 wt%.

The resulting network was subjected to a CH,Cl, Soxhlet
extraction for 24 h at 40 °C. As expected, the PLA single net-
work was transparent, before and after extraction; the amount
of sol fraction was 6 wt%, indicating a near completion of the
cross-linking process. The FTIR spectrum showed that neither
residual isocyanate functions nor hydroxyl groups (from po-
tential dangling chains) remained in the resultant network.

The T, value of PLA single network ranged from 20 °C
(Tg.onset) t0 45 °C (Tgena), and as expected, was higher than
that of the PLA oligomer precursor (15 °C), due to the rigid-
ifying effect of the aromatic cross-links incorporated into the
network structure.

3.1.2. PMMA single networks

As previously described [28], PMMA-based single net-
works were produced by bulk free-radical copolymerization
of MMA with a dimethacrylate using AIBN as the initiator,
at 65 °C for 2 h, followed by a 2 h curing process at 110 °C.
Two difunctional cross-linkers with initial concentrations
varying from 1 to 10 mol% were used: BADMA, a “rigid” di-
methacrylate, and DUDMA, a more flexible one (Fig. 2). All
networks were transparent, before and after CH,Cl, extraction
for 24 h at 40 °C; the amounts of sol fractions were below
5 wt%, suggesting a near completion of the cross-linking
processes.

The T, values of all extracted single networks as deter-
mined by DSC are listed in Table 1. As reported previously
[28b], hardly any variation of the T, ranges with the DUDMA
content was noticed because the rigidifying effect of cross-
linking might be offset by the relative flexibility of the spacer
between the two methacrylate groups in DUDMA structure.
Nevertheless, concerning BADMA-derivatized networks,
a higher dimethacrylate content was associated with both a
decrease of the T, onset and a dramatic broadening of the T,
range.

3.2. Synthesis and characterization of PLAIPMMA IPNs

Miscellaneous IPNs constituted of PLA and PMMA sub-
networks (50/50 wt%) were synthesized by the in situ sequen-
tial method, i.e. by mixing all the precursors homogeneously,
and then forming both networks via two successive and inde-
pendent cross-linking mechanisms. Hence, the PLA sub-
network was first generated at room temperature for 20 h
by reacting dihydroxy-telechelic PLA oligomers with Desmo-
dur® RU via a DBTDL-catalyzed end-linking reaction. Subse-
quently, the methacrylic sub-network was created at 65 °C
(2h) by AIBN-initiated copolymerization of MMA and
a dimethacrylate (BADMA or DUDMA) with varying
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DSC analysis of PLA* and PMMA single networks as well as PLA/PMMA (50/50 wt%) IPNs

Initial Single network after extraction IPN after extraction IPN after hydrolysis

MMA/d'ir.nethacrylate T, I AT A de T, et AT Acpd T, et ATS Acpd

composition (mol%) o o “1on—1 ot o “1on—1 o o 1 o1
©) O Jg °C) ©) ) Jg °CH ) (°C) Jg °CH

MMA/BADMA

90/10 76 90 0.12 40 30 0.18 110 54 0.19

95/5 114 54 0.20 42 28 0.17 114 48 0.23

97/3 116 29 0.20 46 30 0.22 133 37 0.15

99/1 119 18 0.24 48 24 0.28 105 39 0.17

MMA/DUDMA

90/10 118 19 0.16 45 46 0.22 110 26 0.21

95/5 114 16 0.16 50 36 0.26 110 25 0.15

97/3 110 23 0.19 55 35 0.26 110 16 0.16

99/1 111 23 0.21 50 25 0.27 117 11 0.17

* PLA single network: Ty onset = 20 °C, AT, =25°C, AC,=0.29J g~ '°C™".

b T onser: Value associated with the intercept of tangent to midpoint of the specific heat increment with “glassy” baseline.
¢ ATy =Tgend — Tgonser: Width of glass transition range, where T, eqq is the value associated with the intercept of tangent to midpoint of the specific heat incre-

ment with the “viscous” baseline.
4 AC,=Cpy —

compositions, and the reaction medium was finally cured at
110 °C for 2 h to ensure a near completion of the cross-linking
processes (Fig. 3). It should be stressed that Tabka and Wid-
maier showed that both types of cross-linking mechanisms
(i.e. end-linking reaction catalyzed by a tin (IV) derivative
and free-radical polymerization initiated by AIBN) do not
interfere, while the use of AIBN in conjunction with tin(Il)
octanoate leads to a complex formation which substantially
affects the kinetics of network formation [35]. The question
that may also arise concerns the potential formation of allo-
phanate-type bonds between both PLA and PMMA sub-
networks when using the urethane-containing dimethacrylate
(DUDMA). Hence, as a blank experiment, a PLA network
was generated in the presence of DUDMA: after a dichlorome-
thane Soxhlet extraction, the whole initial amount of DUDMA
was removed from the polyester network, thus demonstrating
that the urethane bonds within DUDMA structure did not react
with the isocyanate functions from Desmodur® RU.

It is noteworthy that all IPN samples were transparent, be-
fore and after extraction in a Soxhlet reactor with CH,Cl, for
24 h. Considering that the difference between the refractive in-
dices of both IPN components is significant (n¥ (PLA)=1.51
and nfy (PMMA) = 1.49), the transparency suggested a good
degree of chain interpenetration associated with both sub-

networks, and was at least indicative of microdomain sizes
smaller than about 150 nm [36]. Interestingly, Vancaeyzeele
et al. have recently obtained similar results with polyisobutene
(PIB)/PMMA [37a] and PIB/PS [37b] IPN systems, and have
shown that the sub-network formation order has a significant
impact on the IPN morphology and chain interpenetration.
Indeed, transparent samples with the highest degree of inter-
penetration were produced by forming the “soft” PIB
sub-network first, while opaque samples with a large phase
separation were derived from a synthetic strategy involving
the formation of the “rigid” sub-network first. Whatever be
the dimethacrylate nature and concentration, all synthesized
IPNs contained extractable contents lower than 10—12 wt%,

Cp.¢: heat capacity jump at T, where C,, is the heat capacity, the subscripts ‘v’ and ‘g’ refer to the “viscous” and “glassy” states, respectively.

which nearly matched the total amounts of the sol fractions
encountered for PLA and PMMA single networks. Moreover,
no residual hydroxyl groups were detected in the FTIR spectra
of the extracted networks, suggesting the absence of any dan-
gling chain within these structures.

3.3. Kinetic monitoring of network formation
by real-time FTIR

Jin et al. have investigated the kinetics of formation associ-
ated with polyurethane (PUR)/PMMA-based IPNs by FTIR
spectroscopy: the disappearance of the isocyanate stretching
band at 2275 cm ™' was monitored for the PUR sub-network
[38], while the variation of C=C stretching band at 1639 cm !
was followed for the PMMA sub-network [39]. In our investiga-
tion, the C=C absorption band from the methacrylic monomers
at 1640 cm ™' mostly overlapped the strong and relatively broad
C=O0 stretching bands from both PMMA and PLA. Accord-
ingly, to monitor the network formation kinetics, we selected
a well-separated absorption band, namely the C=C—H overtone
band of methacrylate groups located in the near-infrared spec-
tral region at 6168 cm ™ '. One such band was previously selected
to determine the time dependence of the double bond conversion
for the cross-linking of diethylene glycol bisallyl carbonate
(CR39®) [40,41], as well as for the formation of PMMA single
networks [28b], PMMA-based (semi-)IPNs [28b,37a], and
PS-based IPNs [37b].

We first examined the kinetics of each cross-linking process
involved in the formation of both PLA and PMMA single net-
works. The conversion—time profile for the PLA single net-
work formation exhibited three main phases with distinct
durations. A 4 h period first occurred up to 80% conversion,
due to a quite rapid reaction between isocyanate and alcohol
functions. A second stage then took place up to 20 h of reac-
tion, during which conversion built up very slowly to 90%.
The conversion finally reached a near completion upon raising
the temperature to 65 °C, and then 110 °C.
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On the other hand, the influence of the dimethacrylate con-
tent and nature on the kinetics of the free-radical copolymeri-
zation process involved in the formation of PMMA single
networks was previously investigated in our group [28b]. As
a reminder, the kinetic features confirmed that the curing
process was effective enough to ensure a quantitative cross-
linking in most cases, even though the curing temperature
used in the formation of the networks (110 °C) was slightly
lower than the T, values.

Next in our investigation, the cross-linking processes in-
volved in the formation of PLA/PMMA-based IPNs were
monitored. Fig. 4 displays the time dependence of conversion
associated with isocyanate functions and C=C double bonds
for the formation of a 50/50 wt% PLA/PMMA IPN with an
initial DUDMA content of 10 mol%. As expected, both poly-
merization processes did not interfere and proceeded sequen-
tially: the creation of the PMMA sub-network was indeed
triggered when the PLA sub-network formation reached a con-
version higher than 90%. Actually, after a 20 h period at room
temperature, the free-radical copolymerization was initiated
by AIBN upon heating to 65 °C. After 2 h at such temperature,
the curing stage at 110 °C turned out to be necessary to reach
a near completion of both cross-linking processes.

3.4. Investigation of microphase separation
in IPNs by DSC

The T, values of extracted PLA/PMMA (50/50 wt%) IPNs
as determined by DSC are reported in Table 1. All samples
displayed single glass transition ranges located between the
T, of PLA single network (i.e. Tgonset =20 °C —Tgeng =
45 °C) and those of corresponding PMMA homologues (i.e.
around 110—160 °C). In most of the systems, the value of T,
onset nearly corresponded to that of T, end in the neat PLA
network. This might arise from a partial reorganization of
the soft PLA sub-network along with the creation of PLA-
rich microdomains smaller than about 150 nm: this possible
reorganization may occur during the formation of the meth-
acrylic sub-network. As a matter of fact, the latter synthetic
step was performed at 65 °C, i.e. above the T, associated

1
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Fig. 4. Kinetic monitoring of formation of a PLA/PMMA (50/50 wt%) IPN
with [NCO]y/[OH]y, = 1.4, [DBTDL]y/[PLA]y, = 0.44, [AIBN]y/[M]o,=0.02,
and an initial MMA/DUDMA composition of 90/10 mol%: (O) [NCO] con-
version—time curve; () [C=C] conversion—time curve.

with the PLA sub-network first generated at room temperature.
Such a peculiar behavior was previously evidenced by DSC
and high-resolution solid-state '>C NMR in an investigation
of the solid-state organization of IPNs based on poly(methyl-
phenylsiloxane) as the flexible partner and PMMA as the rigid
one [42], their synthesis being similar to that adopted in our
study. Furthermore, a higher dimethacrylate content in the
IPN samples was generally associated with both a slight low-
ering of the values of T, onset and a widening of the glass tran-
sition zones (AT,), which may indicate a noticeable extent of
compositional heterogeneity in IPNs with high dimethacrylate
contents, so in turn a decrease of their chain interpenetration
degree. Such a finding corroborated the clear conclusions in-
ferred from our previous study on corresponding semi-IPN
systems [28b]. Nevertheless, it is obvious that the spatial scale
of phase separation was much smaller in IPNs than in corre-
sponding semi-IPNs, especially at higher dimethacrylate con-
tents and/or when using BADMA: all IPN systems were
indeed transparent, while the turbidity of semi-IPN samples
strongly depended on the dimethacrylate nature and content
[28b]. Obviously enough, the microphase-separated morphol-
ogy developed in PLA/PMMA IPNs not only resulted from
the highly favorable dipole—dipole interactions between
main-chain ester groups from PLA and side-chain ones from
PMMA, but it was also due to the peculiar interlocking frame-
work of both constitutive sub-networks.

3.5. Design of porous networks from IPNs

3.5.1. Selective hydrolysis of single networks and IPNs
Advantage of the well-known hydrolytic degradability of
PLA was taken to produce (meso)porous methacrylic networks
with a narrow pore size distribution through the hydrolysis of
the PLA sub-network associated with partially hydrolyzable
PLA/PMMA IPNs. As specified in Fig. 3, this hydrolysis is
conducted at 60 °C under mild conditions, namely by using
a mixture of phosphate buffer (pH = 8.2) and ethanol. It has
to be stressed that such a degradation was performed at a tem-
perature intermediate between the T, value of PLA single net-
work (i.e. 20—45 °C) and that of the corresponding PMMA
single networks (i.e. around 110—160°C) to avoid the
collapse of the residual porous methacrylic structures, while
allowing for an efficient degradation of PLA. Ethanol is
a good solvent of PLA oligomers, and its role was to increase
the hydrophilic character of PLA/PMMA IPNs [43], thus
favoring a better diffusion of the hydrolysis medium into the
network structure, and accelerating the degradation rate. All
extracted IPNs and the corresponding single networks as
model systems were subjected to hydrolysis under identical
conditions; the variations of mass loss were monitored as
a function of the hydrolysis time (Fig. 5 as an example).
The PLA-based single network was completely degraded
after 48 h. We observed a decrease of pH, due to the release of
lactic acid in the hydrolysis medium. According to 'H NMR
and SEC analyses, the degradation products were constituted
of PLA precursor, smaller oligolactides (M, = 650 gmol ",
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Fig. 5. Dependence of mass loss on hydrolysis time for typical network
systems.

M /M, = 2.5), lactic acid, and cross-linker residues, indicating
that the hydrolysis affected both ester and urethane functions.

To understand how the conditions selected for PLA degra-
dation might affect the structure of PMMA sub-networks
during the partial hydrolysis of IPNs, the corresponding
PMMA-based single networks were analyzed after undergoing
the same experimental conditions. Mass loss increased signif-
icantly when decreasing the cross-linker content (Table 2):
negligible values were found for the 10 mol% dimethacry-
late-containing samples, whereas values as high as 25 wt%
were assessed for their 1 mol% dimethacrylate-derivatized
homologues, after 285 h. Moreover, solvent uptake also in-
creased when the dimethacrylate content decreased. The con-
comitant variation of both parameters therefore indicated
a non-negligible degradation of PMMA networks with lower
cross-linker contents, which may be attributed to the partial
hydrolysis of side-chain ester groups into carboxylic acid
groups, as detected by FTIR around 3600 cm ™' (broad and
weak band due to OH stretching vibrations). It is noteworthy
that this side reaction was less and less pronounced with in-
creasing cross-link densities, probably due to a more difficult
diffusion of the hydrolysis medium into such compact and hy-
drophobic cross-linked structures. Further, when comparing
the degradative behavior of DUDMA- and BADMA-based
single networks, the latter samples were more prone to degra-
dation. No amido-acid groups were detected around
1820cm™ " in the FTIR spectra of DUDMA-based single
networks after hydrolysis, thus indicating that the urethane
functions from DUDMA were not hydrolyzed under the exper-
imental conditions chosen.

As to PLA/PMMA (50/50 wt%) IPN systems, the hydroly-
sis of the PLA partner was much slower in comparison with
the PLA single network. Such a behavior just proved the pro-
tective role played by PMMA sub-networks toward their PLA
homologue: the higher the dimethacryate content, the longer
the period associated with the protection. Actually, the depen-
dence of mass loss on dimethacrylate nature and content fol-
lowed the same trend as that observed for PMMA-based
single networks (Table 2). Mass loss values higher than or
equal to 50 wt%, i.e. the initial PLA mass fraction, were
reached after 285 h: such values strongly suggested the

Table 2
Mass loss (Am) and solvent uptake (Qs) values associated with PMMA single
networks and PLA/PMMA (50/50 wt%) IPNs*

Initial Single network IPN
MMA/41methacrylate AP (Wi%) 0 (Wt%) Am® (wt%) 0.° (Wt%)
composition (mol%)

MMA/BADMA

90/10 1 84 53 167
95/5 8 126 60 200
97/3 14 165 64 260
99/1 25 249 77 433
MMA/DUDMA

90/10 2 99 50 122
95/5 4 135 59 152
97/3 6 150 64 167
99/1 17 183 68 410

# Hydrolysis conditions: phosphate buffer (pH = 8.2)/ethanol (50/50 vol%),
T=60°C, r=285h.

> Am = (mo — ma)/mo x 100 where mg and my stand for the initial mass of
the sample and the mass of the residual network after vacuum drying,
respectively.

¢ Qs = (my — mg)/mq x 100 where m,, and mq stand for the wet mass of the
residual network just after wiping and its mass after vacuum drying,
respectively.

quantitative hydrolysis of PLA sub-network along with a par-
tial degradation of PMMA sub-networks, especially with
lower cross-linker contents, as mentioned above. The maxi-
mum degradation time (285 h) was maintained constant so
that all the systems might undergo identical hydrolysis condi-
tions. The total disappearance of the characteristic bands asso-
ciated with the PLA component (urethane and carbonyl
groups) in FTIR and solid-state '>C NMR spectra of residual
networks confirmed their pure methacrylic structure. As typi-
cal examples, Fig. 6 shows the solid-state '>*C NMR spectra of
the 1 mol% DUDMA-containing IPN samples before and after
hydrolysis, as well as those of the corresponding PLA and
PMMA single networks (after extraction) as model systems.
The spectrum of the IPN after hydrolysis (Fig. 6d) clearly
matched that of the corresponding PMMA single network
(Fig. 6b). Furthermore, the T, values of IPNs with higher
cross-linker contents, after hydrolysis, were quite close to
those of the corresponding PMMA single networks (Table
1). However, for systems with lower cross-linker contents,
especially those containing BADMA, the T, values of “hydro-
lyzed” IPNs were much higher than those of the corresponding
methacrylic single networks. This noticeable increase of T,
most probably resulted from the partial hydrolysis of side-
chain ester groups into carboxylic acid functions in PMMA
sub-networks with lower cross-link densities, as discussed
above.

3.5.2. Morphological analysis of porous networks

The morphologies of IPNs, before and after hydrolysis, were
examined by SEM (Fig. 7 as typical examples). Whatever be the
dimethacrylate nature and content, the non-degraded samples
exhibited compact and non-porous structures (Fig. 7a and b).
The corresponding PMMA single networks, after undergoing
the hydrolysis conditions aforementioned, did not display any
pore either, indicating a high compacity in this type of networks.
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Fig. 6. Solid-state 13C NMR spectra of (a) PLA single network (after extraction) and systems with an initial MMA/DUDMA composition of 99/1 mol%; (b)
PMMA single network (after extraction); (¢) PLA/PMMA (50/50 wt%) IPN before hydrolysis and (d) residual methacrylic network after complete PLA hydrolysis
(285 h) from PLA/PMMA (50/50 wt%) IPN (the signals marked with an asterisk are assigned to spinning side bands).

However, in the case of the 1 mol% dimethacrylate-containing
samples, cracks and/or blisters were detected for single net-
works as well as IPN systems after hydrolysis. Such damages
of networks showed the fragility of the latter samples with the
lowest cross-linker content, and likely originated from the par-
tial hydrolysis of PMMA side-chain ester groups along with
the generation of small molecules, such as methanol. These mol-
ecules may indeed accumulate within microcavities which con-
stitute osmotic cracking nucleation centers [44]. After complete
PLA hydrolysis from IPN precursors (285 h), the morphology
exhibited by the residual methacrylic networks differed sharply
from that of the corresponding single networks, despite a similar
chemical structure. They revealed porous structures with pore
diameters ranging from 10 to 100 nm for the 10 mol%
BADMA-containing system and from 10 to 60 nm from its
DUDMA-derivatized homologue, thus showing the effective
role of cross-linked PLA sub-chains as porogen templates.
Pore sizes decreased barely or even not at all when decreasing
the dimethacrylate content (Table 3). It is noteworthy that
such a dependence of pore sizes on cross-linker nature and con-
tent was dramatically different from the variation found for the
corresponding semi-IPN systems [28b]. As a reminder, the pore
sizes in the latter materials could be tuned within a wide range by
playing on the dimethacrylate nature and content through the
variation of miscibility between un-cross-linked PLA sub-
chains and PMMA sub-networks in semi-IPN precursors. In

particular, mesoporous networks could only be generated from
the 1 mol% dimethacrylate-containing PLA/PMMA semi-
IPNs characterized by a high extent of miscibility between
both partners. The original approach involving the use of
PLA/PMMA IPNs with higher dimethacrylate contents may
therefore provide an alternative route to mesoporous cross-
linked materials.

Moreover, as SEM is not a very precise technique to deter-
mine pore sizes smaller than a few tens of nanometers, we also
determined pore sizes by thermoporometry through DSC
analyses using water as the penetrant solvent (cf. Section 2,
Egs. (1) and (2)). Thermoporometry is a quantitative and sen-
sitive technique allowing for the precise determination of pore
size distributions in a large variety of (meso)porous materials,
provided pore diameters are smaller than about 200—300 nm.
It relies on the melting temperature depression and the Gibbs—
Thompson effect shown by the solvent constrained within the
pores [31—33]. The pore diameter ranges thus obtained are
listed in Table 3, and examples of pore size distributions are
presented in Fig. 8. Regardless of the dimethacrylate nature
and content, relatively narrow pore size distributions were
clearly observed. In addition, little — if any — variation was
noticed when varying the cross-linker nature or content. One
such dependence of the pore sizes and their distributions on di-
methacrylate nature and content in the nanoporous networks
derived from the IPN systems considered actually mirrored
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Fig. 7. SEM micrographs of different PLA/PMMA (50/50 wt%) IPN systems: before hydrolysis: (a) 10 mol% DUDMA-based sample; (b) 10 mol% BADMA-
based sample; after complete PLA hydrolysis (285 h); (c) 10 mol% DUDMA-based sample and (d) 10 mol% BADMA-based sample.

the high degree of chain interpenetration and small microdo-
main sizes in IPN precursors, as inferred from their transpar-
ency and DSC analyses.

3.5.3. Evaluation of apparent density and porosity ratio
After total PLA hydrolysis from IPN precursors (285 h), the

pore volumes (Vpqres) of the residual methacrylic networks were

determined through measurements of equilibrium mass

Table 3

Pore diameters of resulting porous networks as determined by SEM and ther-
moporometry after complete PLA hydrolysis from PLA/PMMA (50/50 wt%)
IPNs*

Initial Pore diameter Pore diameter
MMA/dimethacrylate SEM (nm) thermoporometry
composition (mol%) (nm)
MMA/BADMA

90/10 10—100 30—100

95/5 10—50 15—60

97/3 10—50 15—60

99/1 10—50 15-50
MMA/DUDMA

90/10 10—60 20—80

95/5 10—50 15—60

97/3 10—50 15-55

99/1 10—50 15—-50

# Hydrolysis conditions: phosphate buffer (pH = 8.2)/ethanol (50/50 vol%),
T=60°C, t=285h.

swelling ratios in water, which allowed for the evaluation of ap-
parent density (d,pp) and porosity ratio (P) values (cf. Section 2,
Eqgs. (4)—(7)). The experimental values related to Vpores, true
density (diye), dapp, and P are given in Table 4. Interestingly,
the true density values of porous networks were very close to
those of corresponding methacrylic single networks. For in-
stance, after complete PLA hydrolysis (285 h), the 10 and

dV/dR (cm3.g”l.nm™)

100 150

D, (nm)

Fig. 8. Pore size distribution profiles of porous methacrylic networks resulting
from PLA hydrolysis (285 h) in PLA/PMMA (50/50 wt%) IPNs as determined
by thermoporometry for DUDMA- (full symbols) and BADMA-containing
(empty symbols) systems with different initial MMA/dimethacrylate composi-
tions: (I, ) 90/10 mol%; (@, O) 99/1 mol%.
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Table 4

Values of pore volume (Vyores), true density (dirye), apparent density (dypp) and
porosity ratio (P) of resulting porous networks after complete PLA hydrolysis
from PLA/PMMA (50/50 wt%) IPNs"

Initial MMA/ BADMA DUDMA

dlmethaFTylate Vporebb dlruec dappd Pe Vporebb dlruec d’dppd Pe

composmon (cm3 g—l) (cm3 g—l)

(mol%)

90/10 0.56 1.194 0.72 0.40 0.55 1.204 0.72 0.40
95/5 0.59 1.179 0.70 0.41 0.61 1.175 0.68 0.42
97/3 0.71 1.167 0.64 0.45 0.69 1.165 0.65 0.44
99/1 0.87 1.149 0.57 0.50 0.71 1.150 0.63 0.45

# Hydrolysis conditions: phosphate buffer (pH = 8.2)/ethanol (50/50 vol%),
T=60°C, t=285h.

® AVpores = £0.02.

¢ Adyye = +0.001.

¢ Adyp = 0.02.

app

¢ AP =40.02.

1 mol% BADMA-containing IPN samples had d,. values at
25 °C equal to 1.194 and 1.149, respectively, and the values of
die for the corresponding single networks were, respectively,
equal to 1.198 and 1.158. Such a good match strongly suggested
that the porous networks investigated were characterized by
open pore structures with interconnected channels through
which a fluid (helium or water) could flow.

Furthermore, porosity ratio values ranged from 0.4 to 0.5, de-
pending on the cross-linker content. A lower dimethacrylate
content in the methacrylic networks was associated with both
adecrease in the apparent density and a slight increase of the po-
rosity ratio. The side degradation of PMMA sub-networks
which essentially occurred with lower cross-link densities, dur-
ing the partial hydrolysis of IPNs, may account for such varia-
tions. Within experimental errors, it can be assumed that such
P values were in quite good agreement with those expected, tak-
ing into account the quantitative hydrolysis of PLA sub-network
from IPNs with an initial 50/50 wt% PLA/PMMA composition.

4. Conclusion

Original template-oriented routes have recently been devel-
oped to engineer nanoporous polymeric materials with a well-
defined porosity. They generally entail the selective removal
of single polymer domains acting as porogen templates from
macromolecular architectures with controlled degradability.
This contribution has expanded the scope of the use of (semi-)-
IPNs as nanostructured precursors to (meso)porous cross-linked
materials. The quantitative hydrolysis of the polyester sub-net-
work from PLA/PMMA-based IPNs does constitute an effective
and versatile strategy for generating mesoporous methacrylic
networks. Thus, cross-linked PLA sub-chains may well serve
as porogen templates for the design of such nanoporous poly-
mers. In these systems, the relatively small pore sizes (10—
100 nm at most) are controlled by the good degree of chain
interpenetration in IPN precursors. The peculiar interlocking
framework of both constitutive sub-networks, associated with
highly favorable dipole—dipole interactions between main-
chain ester groups from PLA and side-chain ones from

PMMA, indeed restrict the spatial scale of phase separation to
tens of nanometers domain sizes. The transparency of PLA/
PMMA IPNs and DSC investigation of their microphase separa-
tion gave evidence of the latter assertion.

The two approaches that we have envisioned so far for en-
gineering mesoporous networks involve the use of either PLA/
PMMA-based semi-IPNs or the corresponding IPNs. The first
approach applying the extraction of un-cross-linked oligoest-
ers from PLA/PMMA-based semi-IPNs constitute a straight-
forward and effective methodology, provided the extent of
miscibility between both partners is high, i.e. when using the
1 mol% dimethacrylate-containing samples (DUDMA-based
system preferentially) [28b]. Alternately, the second strategy
implying the utilization of PLA/PMMA-based IPNs offers
more versatility, since mesoporous polymers can be obtained
with a wide range of dimethacrylate contents (nearly up to
10 mol%), regardless of their nature. The influence of the oli-
goester nature and molar mass in (semi-)IPNs on the porosity
associated with the porous networks derived therefrom will be
published in a forthcoming paper.

These complementary approaches involving semi-IPN and
IPN systems may provide an interesting means to tune the mor-
phology and functionality associated with porous scaffolds. The
potential applications of such functional porous materials are
mainly expected in the areas of separation techniques (chro-
matographic supports), as well as chemistry in confined media
(nanoreactors).
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