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ABSTRACT: A series of samples with varying cross-linking degree were prepared from the same 1,2-
polybutadiends-polydimethylsiloxane (1,2-PB-PDMS) diblock copolymer precursor. The stability of nanopores
generated after PDMS cleaving depends on the cross-linking degree of 1,2-PB. The swelling ratio of the cross-
linked samples in toluene was converted into a degree of cross-linking following the Flory scheme; a simple
relation between the Flory cross-linking degree and the fraction of consumed double bonds during the cross-
linking reaction followed. The structure of the block copolymer at different stages of preparation was characterized
by small-angle X-ray scattering (SAXS). In addition, scanning electron microscopy (SEM) gave direct images of
the nanoporous polymer structure. Nanocavities are accessible to methanol, and observations of methanol uptake
were combined with structural information from SAXS. This permits a classification of the bulk cross-linked and
etched polymers into three groups: collapsed, traced, and nanoporous materials.

Introduction linked matrices and recently submitted a first report on the
. . . creation of cross-linked nanoporous 1,2-polybutadiene (1,2-
Polymeric nanoporous materials derived from block copoly- PB)14

mers offer great technological promise due to their many . )
potential applications as, e.g., size selective separation mem- 12-PBb-PDMS diblock copolymers are a very attractive

branes, sensors, substrates for catalysis, templates for electronig@Urce Of cross-linked nanoporous polymers. They can be
devices, and depots for controlled drug delivery. The mutual Prépared in a highly controlled way by living anionic polym-
repulsion between two blocks in the copolymer molecule erization, the 1,2-PB block is easily amenable to cross-linking,
provides for microsegregation on the nanometer length scale.2Nd the PDMS block can be quantitatively and selectively
One block of the molecules can be removed selectively by removed. Since 1,2-PB has a glass transition temperature below
chemical etching;# UV irradiation? or thermal treatmerftAs 0 °C, the cross-linking degree plays a key role in the stability
a result, nanoscopic pores are generated in a polymer matrix,Of the nanopores. In this paper we focus on.the influence of the
provided that the matrix has sufficient mechanical stability. ~ cross-linking degree on the bulk properties of the 1,2-PB

material derived from a single block copolymer precursor. A
The most common nanoporous polymers are prepared from

terials where th trix block ins in the al dafe series of 1,2-PB samples result from cross-linking to different
materials where the matrix block remains in the glassy state. degrees, followed by selective etching. The chemical composi-
Obviously, such materials do not need chemical modification

£ th trix oh h inking b the ph _tion of these samples is determined by FT-IR and Raman
of the matrix pnase such as cross-iinking because e phase '%pectroscopies. SAXS studies are undertaken to elucidate the
m_echamcally stable asaglass._ BUt these g_Iassy-matnx materlalshanostructure supported by SEM observations on selected
will typically lack thermal stability and resistance to solvents, etched samplés Finally, we show how simple experiments of

\t’]\{h'ﬁ}: will I|m|ttthe|r ust(;:] in many sper}lflc Iapplt|cat|ons, whgrrebl methanol uptake can be used to study the porosity and give
igh temperatures or the presence of solvent are unavoida e\S/aIuabIe morphological information.

Nanopores will collapse as the temperature approaches the glas
transition of the matrix materialsand obviously the matrix
dissolves when exposed to solvents.

A nanoporous material of a chemically cross-linked matrix
e b e o st POTETESto i eachran (1 seccun i s s
datel0-14 o . . as initiator. The polymerization of 1,3-butadiene was performed at

ate.?1* Cross-linking the matrix phase increases the thermal _4 4 3 oc for 3 h. Then hexamethylcyclotrisiloxanegDvas
and mechanical stability and also improves resistance 10 added to the reactor, and the temperature was raised ug@ 0
solvents. We have recently demonstrated the preparation of aThe polymerization of B took 3 days before termination with
cross-linked nanoporous polyisoprene (PI) material, by first chlorotrimethylsilane.
CrOSS-linking the PI bIOCk, followed by etChing the PDMS block Solvent Casting_ 1,2-PBb-PDMS Samp|es were dissolved in
in a Plb-PDMS block copolymer precursétWe have refined THF, and the solutions were poured into Petri dishes. The solutions
the procedures for creating nanoporous materials with cross-were left for 3 days to evaporate slowly under a slight flow of

argon at room temperature.

* Correspinding authors. E-mail: mev@kt.dtu.dk, sokol.ndoni@risoe.dk. .Shear Alignment. One of the 1’2'.PB}PD.MS §amples was

t Danish Polymer Centre, Risg National Laboratory. aligned through a homemade extrusion device with a rectangular

*Danish Polymer Centre, Department of Chemical Engineering, Nan- die. A film with 0.5 mm thickness and 10 mm width was obtained
oDTU. by pressing the block copolymer through the die.

Experimental Section

Synthesis of 1,2-PB-PDMS. The 1,2-PBb-PDMS diblock
copolymer precursor was synthesized by sequential living anionic
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Table 1. Cross-Linking Conditions and Characteristics of Cross-Linked SamplesM. Values Calculated from Eq 1 Are Listed in the Last

Column
cross-linking conditions double bond ratig ,/Neb,0)°

equilibrium swelling M Flon
sample concnrpcp/Ndb,0) temp €C) time (h) from FT-IR from Raman ratic® in toluene (g/mol)
X0.11 0.004 140 1 0.89 0.90 3.600.03 5522
X0.15 0.002 140 1 0.85 0.80 2.130.04 1230
X 0.34 0.001 140 2 0.66 0.63 1.600.02 478
X0.41 0.008 140 1 0.59 n.Mm. 1.42+0.01 305
X 0.52 0.01 140 1 0.48 n.m. 1.280.01 196
X 0.58 0.002 140 2 0.42 0.37 1.260.02 183
X 0.62 0.008 140 2 0.38 n.m. 1.200.01 143
X 0.82 0.02 140 2 0.18 0.20 1.150.01 113

anpcpis moles of DCP molecules, amgh, ois moles of double bonds in virgin materiélng, x is moles of double bonds in cross-linked materidquilibrium
swelling ratio is the mass ratio between equilibrium swollen and dry safplgriory is the average molecular weight between neighboring cross-links as
calculated from the Flory scheme (see teXfjlot measured.

Cross-Linking of 1,2-PB. Dicumyl peroxide (bisg,o-dimeth- profiles of the scattered intensity as a function of the scattering
ylbenzyl) peroxide) (DCP), from Merck, was used as received for vector|q| = (4 sin 6)/4, where6 is half the scattering angle (the
the cross-linking of 1,2-PB. The cross-linker was codissolved with angle between the direct and scattered beam) anid the
the block copolymer in THF in 0:22% molar amountsnocp) wavelength of the used radiation.
relative to the moles of the double bondu) in the mother Scanning Electron Microscopy (SEM).SEM measurements
polymer. The ratiorfoce/Nab,0) was one of the parameters varied in - were done on a Zeiss 1540 EsB Gemini instrument at the Center
order to obtain differently cross-linked samples. The other parameterfor Microtechnology and Surface Analysis at the Danish Techno-
was the reaction time. The solutions were left under an argon flow, |ogical Institute. Details on sample preparation and measurement
and the solvent evaporated overnight. The cross-linking of the procedure may be found in ref 14.
solvent cast blends was conducted under argon at°TA®or
1-2 h in a homemade gastight steel cylinder. Results and Discussion

Etching of PDMS. 1.0 M tetrabutylammonium fluoride (TBAF) ) ]
in THF from Aldrich was used as cleaving reactant for PDMS.  All the cross-linked samples prepared for this study were
Cross-linked samples were stirred for 36 h in a volume of THF made from the same “mother” polymer, a 1,2-BBDMS block
solution containing 5 times molar excess TBAF relative to PDMS copolymer with the following properties:
repeating unit. Afterward, the samples were washed by fresh THF  The number-average molecular weigM,}J was 15.03 kg/
?enrgplzfat\:?rgm for 24 h before drying under an argon flow at room | 45 determined by SEC a#d NMR.X The volume fraction

Chromatography and Spectroscopy.The molecular weight of PDMS (eoms) was 0.294, and 90.5% of the repeating units
(MW) of 1,2-PBh-PDMS was determined by a combination of in the polybutadiene block were 1,2-1_Jn|t_s, as determinettby
size exclusion chromatography (SEC) @ktINMR, as described ~ NMR spectroscopy. The polydispersity index (PDI) of 1,2-PB-
in detail in ref 14. The chemical composition and the number of P-PDMS relative to PS SEC calibration was 1.22. The order-
double bonds surviving after cross-linking and etching of the 1,2- to-disorder transition temperature was Z&as measured by
PB—-PDMS samples were monitored by Fourier transform infrared rheology (data not shown). Because of the composition, the 1,2-
FT-IR (Perkin-Elmer Spectrum) and Raman (Renishaw system PB-b-PDMS was expected to have a hexagonal cylindrical
3000) spectroscopies. Specimens of 1 &ni cm of 0.5-1 mm morphology with PDMS segregated into cylindrical domains,
thickness were prepared for the measurements. which was supported by SAXS data and the rheology respénse.

Rheology. The morphology of the diblock copolymers was ' . .

The first step of sample preparation was to produce a series

investigated by isothermal and temperature-gradient dynamic me- f ious| linked les f h her block
chanical measurements on a Rheometrics RS 800 using paralleP! Variously cross-linked samples from the mother bloc

plate geometry. The results used in this paper refer to temperaturecOPolymer. Table 1 lists the cross-linking conditions and
gradients of 2.5C/min. characterization data for the cross-linked 1,24BDMS
Swelling Studies and Pore AccessibilitySwelling behavior of samples, which are named by the prefix “X” followed by a
cross-linked and etched samples and pore accessibility of etchedhumeral. For each sample the numeral identifies the ratio
samples were investigated by the uptake of either toluene or between the concentration of double bonds which were con-
methanol. Dry samples (2862 mg) were placed in glass vials  suymed during the cross-linking procedungy() relative to the
containing 15 mL of toluene or methanol and kept under gentle -gncentration of original double bonds in the 1,2-PBDMS

stirring at room temperature. After being submerged for a certain : ; ; :
time a fine tissue was used to dry the surfaces of the sample quicklyprecursor samplengy o. Below we will explain how this ratio

before the sample mass was measured and the sample placed bac(de'Jndb'o). is measured and how it can be related to the degree
in the liquid. Data were collected as a function of time as the Of Cross-linking.
weighing procedure was repeated. Toluene and methanol uptake The cross-linking of 1,2-PB is a chain reactidrwhich is
measurements were carried out until the mass of the wet samplethe reason why only few molar percent of DCP relative to the
stabilized and did not change by more than 0.1 mg over 24 h. The double bonds is sufficient to generate a well cross-linked
swelling ratios at different times were calculated for each sample network. Generally the trend for the cross-linked samples in
by the mass ratio between swollen and dry sample. Table 1 is that an increased fraction of double bonds is
Small-Angle X-ray Scattering (SAXS). SAXS measurements  qnsmed as the cross-linker (DCP) concentration and/or the
were done at the Danish Polymer Centre, Risg National Laboratory, cross-linking time increases. This is illustrated in Figure 1, where

using Cu Ka. X-rays with a wavelength of = 1.5418 A. Radiation .
was generated by a rotating anode operating at 3 kW and focusedthe FT-IR spectra of the original 1,2-ABPDMS and samples

and filtered (only Cu Kt is selected) by a multilayer X-ray mirror ~ X 0-11, X0.41, and X 0.62 are shown. The DCP concentration
and collimated by three pinholes. The scattered radiation was Used in the cross-linking of sample X 0.11 was half of that used
collected with a 2D position-sensitive gas proportional, delay line for sample X 0.41, and the cross-linking timeswva h inboth
detector. 2D data were integrated azimuthally to give 1D scattering cases. The concentration of DCP was the same in the cross-



Macromolecules, Vol. 40, No. 10, 2007 Cross-Linking and Nanoporosity3671

I /// I I I I 4-0 | I T | T | T I T | T | T I T | T I ]

—~ v 35 — —

= T 1,2-PB-b-PDMS VI My A ,\ ] g 30 N

(U. ——— E L i

N — — o)) 25 — —

8 X0.11 \ N\\ A A S r .

g S 15| Q .

Q - X 0.41 — ) L ]

3 — N —~ 10 | .

(7, - — FrT T T T T T T T

Q X X062 01 02 03 04 05 06 07 03 09

T / n_In
I 17 I [ I I dbc” " 'db0

3300 3000 1500 1200 900 600 Figure 2. Plot of swelling ratio in toluene vs fraction of consumed
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Figure 1. FT-IR spectra of (a) 1,2-PB-PDMS, (b) X 0.11, (c) X

0.41, and (d) X 0.62. Bottom-up triangles mark the absorption bands : ; i _
at 908 cm? (out-of-plane G-H bending peak iR-CH) and 1261 cm fraction of consumed double bonds in the cross-linked 1,2-PB

(CHs bending in PDMS), which were used for the quantification of m_atrix. Noti_ce that the sw_ellipg ratio is only 1.15 for the sample
double bond concentration. The absorbance in the range between 2750vith the highest cross-linking degree X 0.82. The plot of
and 1750 cm? for the all samples is completely flat and omitted for  swelling ratio vs fraction of consumed double bonds is shown
clarity. in Figure 2.
o o The more double bonds consumed during sample preparation,
linking of X 0.41 and X 0.62, but the cross-linking time of X the nigher the degree of cross-linking of the resulting network,
0.62 was 2 h. In the case of sample X 0.11 the fraction of \hjch physically leads to less swelling of the samples in toluene.
consumed double bonds is lower than in the case of sample XNeither the loss of double bonds during cross-linking nor the
0.15, despite the higher concentration of DCP in the first case gegree of swelling readily gives us a parameter which describes
(see data on the first two samples in Table 1). This discrepancyne molecular structure of the resulting network. In search of
at the low end of DCP concentration range is probably due to gych a model parameter we consider the average molecular
slight differences in the sample temperature during the Cross-yeightM. between neighboring network cross-links. Well aware
linking reaction of the two samples. Another possibility is the ¢ possible shortcomings of the model as applied to the present
presence of different (though very low) oxygen concentrations sjtyation! we nevertheless attempt to describe the swelling data
in the two cases. The important point is that an increased i the form required by the Flory mod#. To test the
consumption of double bonds correlates to an increased crossaupplicability of the model, eight samples of 1,2-PB homopoly-
linking degree for all the samples, as will be discussed below mer were cross-linked at the same conditions as the block
in relation to the swelling degree of the samples in toluene. copolymer samples. The swelling degree of the homopolymer
Two peaks in the FT-IR spectra were selected to quantify as a function of consumed double bonds is similar to that found
the concentration of double bonds in the samples after cross-for the block copolymer, as is reported in the Supporting

linking relative to the precursor polymer. The out-of-planetC Information. The Flory model states

bending peak ir=CH, at 908 cn1! represents the double bonds

of 1,2-PB, and the CJ;-lbendmg .peak at 1261 crhrepresents M, = —p[Vl(Uzm — o)l (L — v) + v, + Xlzl/zz]
PDMS (see marked peaks in Figure 1). Separate measurements (1)

(not shown) indicate that the cross-linking does not affect the

PDMS block which allows us to take the PDMS peak as an whereM, is the average molecular weight between neighboring
internal standaréft Therefore, the ratio between the intensities Cross_”nks,p is the overall densityy; is the molar volume of
at 908 and 1261 cr is directly proportional to the number of  gglvent (107 cr#fmol for toluene),v, is the polymer volume
1,2-PB double bonds present in the samples. The ratio of thefraction at equilibrium swellingyi2 is the solventpolymer
number of double bonds (“db” ) in a cross-linked sampig 4 interaction parameter (0.47 for tolueng,2-PB7), and w is
relative to the number of double bonds in the mother polymer twice the inverse of the cross-link functionality (here, we take
(Nav,0 is easily found by comparison of FT-IR data of cross-  as 0, which is the limit for very high cross-linking functional-
linked samples and the unreacted mother polymer. The ratiosity). Polymer volume fractions at equilibrium swelling can be
Nab/Nap,0 are listed in the fifth column of Table 1, and the calculated from the swelling ratios, and valuesvifare listed
fraction of double bonds consumed by the cross-linkingJ in the last column of Table 1. The molecular weight between
Ndb,o. i SIMPIY Ngb,dNab,0 = 1 — Nab/Nabo The FT-IR results  cross-links (the same as a network strand) can easily be
are in good agreement with results obtained by Raman transformed into an average degree of polymerization per strand
spectroscopy, which are shown in the sixth column of Table 1. N, by N, = MJ/M, where M is the molar mass of the PB
Depending on DCP concentration and cross-linking time, the monomeric unit. Figure 3 shows the dependency of the
fraction of consumed double bonds varies in the range from consumed fraction of double bonds on the inverse of the average
11% to 82%. polymerization degree per network stranblcl/This relationship
Clearly, the swelling ratio of cross-linked 1,2-RBPDMS is, to a good approximation, linear, and it serves as a justification
samples in toluene must reflect the cross-linking of the samples. for using the fraction of the consumed double bonds in 1,2-PB
The values of weight equilibrium swelling ratio for the different as a direct measure of the cross-linking degree of this polymer
samples are shown in the seventh column of Table 1. Thesefrom which we will prepare nanoporous materials (see also the
results show that the equilibrium swelling is dependent on the Supporting Information).
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Figure 4. FT-IR spectra of (a) 1,2-PB-PDMS, (b) X 0.58, and (c ; : ; ;
Eg< 0.58. Five chapacteristic (pgak's of absorbar;c(e %or PDMS are Enf);\rked are m{irked In th(_e figure for the etched material. The s_catterlng
by bottom-up triangles. intensity of the primary peak for the etched sample has increased
significantly relative to that of the cross-linked sample. This is
The etched samples are named by adding the prefix “E” to due to the removal of PDMS during etching, which causes an
the name of the corresponding cross-linked sample. TBAF in increased electron density contrast as a result of PDMS
THF was used as etching reagent for the cross-linked 1,2-PB-replacement by vacuumpd ~ 0). The data confirm the
b-PDMS samples. FT-IR was used to monitor the chemical preparation of nanoporous 1,2-PB with hexagonal cylindrical
composition changes of 1,2-ABPDMS after etching. Figure  morphology. Figure 5 also reveals the small length change of
4 shows a sequence of absorbance spectra on samples illustratinthe principal scattering vectay*.
the progression of preparation: the FT-IR spectra of original The scattering vector length increases slightly from 0.298
1,2-PBb-PDMS, the cross-linked sample X 0.58, and the nm~!before cross-linking to 0.319 nmhafter cross-linking and
corresponding etched sample E-X 0.58. The complete removalfinally to 0.324 nnt? after etching. This corresponds to a domain
of PDMS is clearly evidenced by the disappearance of the spacing between principal Bragg plandg) of 21.1, 19.7, and
characteristic absorbance bands for PDMS at the five marked19.4 nm, respectively. The decrease of domain spacing is most
peaks. An accurate determination of the change in double bondpronounced over the cross-linking step. This could be caused
concentration as a result of the etching reaction is difficult to by shrinkage of the matrix as a result of the cross-linking.
obtain alone from the FT-IR spectra of the sample before and Figure 6 depicts SAXS 2D profiles of a solvent-cast sample
after etching. In a separate experiment, a solution of the (E-X 0.58, Figure 6a) and a shear-aligned sample (E-X 0.62,
precursor block copolymer in THF was reacted for 36 h with Figure 6b). The rings on the scattering patterns illustrate the
TBAF, under similar conditions as those applied for the cross- random orientation of domains of the hexagonal cylinders in
linked samples. No double bonds were observed lost after theE-X 0.58. While the presence of two arcs of reflection with the
reaction, within the'H NMR accuracy. This was taken as an beam perpendicular to the shear directioiidicates that there
indication that virtually all of the double bonds in cross-linked is a preferential orientation of the hexagonal cylinders in E-X
1,2-PBb-PDMS prevalil after etching. These remaining double 0.62, the arcs of intensity are located along the neutral or
bonds offer the possibility of changing the surface characteristics vorticity direction ) in the extruded sample. The degree of
of pore walls by chemical reactions with other functional orientation was characterized by the second order orientation
groupst® factor, F,, calculated from the SAXS 2D profi!® The
Figure 5 shows SAXS 1D profiles of the same series of scattering profile at the principal scattering lengih as a
samples shown in Figure 4, illustrating the progression of function of the azimuthal angle was found to be bimodal, with
preparation. The scattering pattern is consistent with a morphol-a separation angle of 2®etween the two mode maxima. The
ogy of hexagonally packed cylinders. Four characteristic peaks calculated values of the overall and the two partial orientation
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Figure 7. SEM pictures of (a) the solvent-cast sample E-X 0.82, (b) edge-on view of the shear-aligned sample E-X 0.62, and (c) end-on view of
the shear-aligned sample E-X 0.62. The micrograph in (a) displays different orientations of the hexagonal domains.

Table 2. Data on Solvent Uptake, SAXS, and SEM Measurements for Etched 1,2-PB Samples

equilibrium swelling equilibrium methanol

sample ratio in toluene uptaké (vol %) dsaxs? (nm) dsent (nm) rsem® (Nm)
E-X0.11 459+ 0.12 1+1 no peak n.ng n.m.
E-X 0.15 3.25+£ 0.44 1+1 no peak n.m. n.m.
E-X 0.34 1.87+0.08 12+ 2 17.6+ 0.1 n.m. n.m.
E-X 0.41 1.77+0.01 18+ 2 17.7£0.1 n.m. n.m.
E-X 0.52 1.64+ 0.02 30+ 1 18.94+ 0.1 no porosit no porosity
E-X 0.58 1.65+ 0.03 29+ 1 19.4+ 0.1 n.m. n.m.
E-X 0.62 1.60+ 0.03 29+ 1 19.3+ 0.2 19.9+ 1.7 4.7+ 1.3
E-X 0.82 1.54+ 0.04 29+ 2 19.5+ 0.2 18.2+ 3.0 5.0+ 1.0

aVolume fraction of methanol uptake Principal domaird;o spacings from SAXSS Principal domaird, spacings from SEMY Pore radius from SEM.
¢ Not measured.No porosity observed by SEM.

factors were 0.62, 0.72, and 0.73, respectively (for more details profile shown for sample E-X 0.58 in Figure 5. The SAXS
see the Supporting Information). profile for sample E-X 0.62 (not shown) also shows the same
Figure 7 shows SEM pictures of the solvent-cast sample E-X features. These scattering profiles represent scattering from
0.82 (Figure 7a) and the shear-aligned E-X 0.62 (Figure 7b,c). nanoporous materials, with a strong principal peak of scattering
The SEM micrographs cover roughly sample areas of@é and some higher-order reflections. The lower profile in Figure
and show directly the evidence for nanoporous structure in both 8 shows the scattering of sample E-X 0.15. This profile does
samples. It is possible to observe a change in cylinder axis not show any evidence for structured features that can be
direction (a kink) of the solvent-cast sample in Figure 7a. On detected by SAXS. This suggests that there is no nanoporous
the other hand, the shear-aligned sample in Figure 7b showedstructure and that the sample is collapsed during etching. Most
a unique orientation of cylindrical channels. The same good probably, the 1,2-PB matrix is not cross-linked sufficiently to
alignment was observed in the micrometer length scale as thecounteract the tendency of surface area minimization after the
sample was shifted hundreds of microns inside the microscope.removal of PDMS. The remaining profile in Figure 8 represents
Figure 7c is an end-on SEM micrograph of the same shear-the scattering of sample E-X 0.41 and shows a weak principal
aligned sample, clearly showing hexagonally packed pores.peak ag* = 0.355 nnt™. The scattering intensity of the primary
Being 2D projections of the surface of a 3D body, SEM pictures peak for sample E-X 0.41 is increased byl order of
like those shown in Figure 7 give a realistic image of alignment magnitude, comparing it to the scattering from its related cross-
on flat areas of the observed surface at micron length scale.linked sample X 0.41 (data not shown). This is much less than
The overall alignment at macroscopic length scales is more the expected increase in scattering strength due to the greater
appropriately characterized by SAXS as discussed in the contrast factor as mentioned above for the nanoporous polymers.
previous paragraph. It was not possible to observe any porosity The scattering of sample E-X 0.34 showed a principal peak of
from the SEM of sample E-X 0.41. The samples with lower scattering (data not shown) similar to E-X 0.41. These two
cross-linking degree were not analyzed by SEM (see Table 2). samples exhibit scattering which clearly is not indicating a
The remaining part of this report presents a detailed discussionnanoporous structure (as seen in the well-cross-linked samples)
of the effect of cross-linking degree on X-ray scattering and because of the relatively weak Bragg peak. On the other hand,
solvent uptake of the etched 1,2-PB samples listed in Table 2.the scattering does not resemble the scattering of the collapsed
The swelling ratios of the etched samples in toluene are listed Structures (as seen in the very weakly cross-linked samples)
in the second column of Table 2. It is clear that the swelling Pecause there is still a significant peak in the scattering profile.
behavior of the etched samples follows the same tendency asThe structure of these samples must be different from the
that of the cross-linked samples in Table 1. The ratio between nanoporous and the collapsed structures. We will return to the
the swelling ratios for the lowest and highest cross-linked discussion of the nature of this structure after the presentation
samples is roughly 3, which is similar to the corresponding ratio ©f the methanol uptake in Figure 9.
for the cross-linked samples in Table 1. Furthermore, all swelling  The fourth column of Table 2 lists the principdl, spacing
ratios for the etched samples are larger than those for thefor all the etched samples as obtained from SAXS measure-
corresponding cross-linked ones. This is expected as the cavitiesnents. The table shows that the samples lthspacings from
formed after the PDMS cleaving allow for higher toluene uptake. 17.6 to 19.5 nm depending on the degree of cross-linking and
Figure 8 illustrates the trend of the SAXS profiles from the suggests that within a range of 10% it is possible to change the
etched samples with different cross-linking degrees. The two domain lattice spacing via cross-linking. The fifth column of
top profiles in Figure 8 show the scattering of samples E-X Table 2 lists the principad lattice spacings of samples E-X
0.82 and E-X 0.52 and display similar features as the SAXS 0.62 and E-X 0.82 from SEM micrographs. They show good
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T T T L T of cross-linking degree (data with 08ngp,dNgp,0 < 0.45) show
an increasing methanol uptake with time over the 150 h time

gy span. (iii) Samples of lowest cross-linking degree (data with
S5 E-X 0.82
. Nab,dNdb,o < 0.2) do not take up more than few volume percent
S of methanol in the time span of 150 h. The volume fraction of
b E-X 0.52 methanol uptake for the samples in the first group is around
‘7, 30%. This figure is close to the volume fraction of PDMS
< \/\” X041 (29.4%) in the precursor block copolymer. These data indirectly
9 e prove that the PDMS was removed by TBAF and that pores
S - E-X0.15 exist in the etched samples. The uptake of methanol for the
= — samples in the second group is a slow process. Both a
7T 7T 717717 ihermoelynamic equilibrium (related, e.g., to slight lowering of
00 02 04 06 08 1.0 1.2 interfacial energy in the presence of methanol eorripared to the
1 surface energy of the dry samples) and a kinetic argument
q (nm ) relying on the diffusion barriers for methanol in the PB matrix

Figure 8. SAXS 1D profiles of four different etched samples with ~ could be at the basis of such a process.

different cross-linking degree. The plots have been shifted vertically The three sample categories described here also followed
o ease comparison. different sinking behavior. Samples E-X 0.11 to E-X 0.41 sank

o BT down to the bottom of the vial immediately after soaking in
o~ B . methanol, while E-X 0.52 to E-X 0.82, which could take up
3._ 30 B 7] methanol to the expected limit, floated on the surface of
® 25 — methanol for about 30 s before sinking down to the bottom.
< B - This observation suggests a test procedure which may be used
S 20 - N as a rapid indicator of nanoporosity for dry samples. Because
g- 15 N _ of the existence of pores, the dry nanoporous samples have
g = - overall densities smaller than methanol (0.791 §jcan overall
o 10 - - density of roughly 0.7 g/chis expected for the samples with
% 5 B ] high cross-linking degree. As a result, such a sample will float
ﬁ - . in first contact with methanol; it will actually remain floating
@ 0 537 — as long as the quantity of methanol penetrating into the
E 11717 T 71T 7T 7717 nanopores does not push the overall density above 0.792.g/cm

01 02 03 04 05 06 0.7 08 09 For the highly cross-linked samples this corresponds to methanol
ndbc / ndb 0 filling more than roughly 1/3 of the pore volume.

Figure 9. Volume fraction of methanol uptake for etched samples with A comblna_tlon of the st_ructL_iraI feature_s; from SAXS mea-
varying cross-linking degrees after four different times (2, 24, 50, and Surements with the behavior diversity during methanol uptake
150 h). points to a characterization scheme of the differently cross-linked
1,2-PB material. We notice that the samples E-X 0.34 and E-X
agreement with the data obtained by SAXS. The pore radii 0.41 are singled out by both the SAXS scattering and the
obtained from SEM for these two samples are shown in the methanol uptake behavior. FT-IR data (not shown) give evidence
last column of Table 2. that all PDMS is removed from these samples. The SAXS
Methanol uptake was used to investigate the porous propertiesprofile hints to the absence of real nanocavities, but the methanol
of the etched samples. The volume fraction of the methanol yptake shows that some amount of methanol does indeed
uptake was calculated from the following expressiafy./Vo penetrate into the sample over time. We speculate that the
= (My/0.791)/n/0.791+ MJ0.902), wheré&/myis the volume  yemoved PDMS leaves a trace behind, which may be only a
of methanol uptake (muYj is the original volume of the mother  modulation of the PB density in the diblock copolymer after
block copolymermy, is the mass of methanol uptake, 0.791  etching with lower density values in the location of the PDMS.
g/en? is the density of methanol, 0.902 g/2is the density of  This density modulation gives rise to a corresponding electron
1,2-PB?° and m is the mass of the dry etched sample. The gensity modulation which is the cause of scattering SAXS peak
values for the equilibrium methanol uptake are listed in the third g4 also accommodates penetration of methanol into the sample.

column of Table 2. We call this intermediate structure a “traced” structure in this
Figure 9 shows the time-resolved data for methanol uptake polymer system.

of the different samples with varying cross-linking degree.
Methanol was chosen on the basis of two reasons: First, being
a nonsolvent for 1,2-PB, it would permit to fill the nanopores

Accordingly, the material can take on one of the following
three structures: nanoporous, traced, or collapsed. The border-

without swelling the bulk of the polymer. Second, having a line between the traced and the collepsed states is expected to
surface contact angle with 1,2-PB less thas, 3Be capillary be solvent-dependent. From unpublished data_on polyisoprene
forces would permit methanol to actually penetrate the nanop- "anoporous materials we know that samples in the collapsed
ores™ The four sets of data shown in Figure 9 correspond to Staté show “wet” nanoporous structure in the presence of
the uptake after four different contact times with methanol: 2, toluene.

24, 50, and 150 h. The samples follow three different behav- The nanoporous samples are E-X 0.52 to E-X 0.82, which
iors: (i) Samples with high cross-linking degree (data i)/ take up methanol to the saturation level within 10 min. The
ngb,0 > 0.5) show a saturated amount of methanol uptake at all saturation volume is close to the volume of the removed PDMS
plotted times. This saturation appeared for times shorter thanmicrophase. The scattering from the dry samples is strong with
10 min (data not shown). (ii) Samples in the middle segment intense Bragg peaks.
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The traced morphology samples are E-X 0.34 and E-X 0.41,

Cross-Linking and Nanoporosity3675

aligned sample E-X 0.62. This material is available free of charge

which slowly take up methanol over an extended time span (150 via the Internet at http://pubs.acs.org.

h). The volume of methanol uptake for the sample E-X 0.41
reaches~60% of the expected maximum limW¥ppus. The
SAXS profile from the dry samples shows scatteringRlorders
of magnitude weaker than the scattering from the dry nanopo-
rous samples.

The collapsed samples are E-X 0.11 and E-X 0.15, which do
not take up appreciable volumes of methanol and display no
peak in the SAXS profile.

Conclusions

In order to investigate the influence of cross-linking degree
on the structure and properties of selectively etched polymers,
a series of 1,2-PB-PDMS with different cross-linking degree
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