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The general phenomenon of photooxidation1-5 involves oxygen
gas permeation6,7 into the material under photochemical reac-
tion, typically mediated by UV radiation. It has been extensively
studied mainly driven by material degradation concerns.1-5 The
effects of photooxidation to the emerging class of nanoporous
polymers8-14 (NP) are unexplored and hold great potential for
both the fundamental understanding of polymer photooxidation
in general and for nanotechnological applications. Uses of NP as
ultrafiltration membranes10 or as cladding for liquid core wave
guides12 are worthmentioning in the context of the present work.
Nanoporous polymers derived from self-organized block copo-
lymers15 show crystalline-like order with typical structural length
scales in the range 10-100 nm; they have vast internal surfaces
(50-500 m2 g-1), which in the presence of pore percolation are
readily accessible to gases. For structural length scales much
smaller than the wavelength of UV-A, B radiation (λ>280 nm),
radiation penetration depth is not seriously limited by scatter-
ing.16 No experimental or modeling report was found on the
photooxidative stability of nanoporous polymers. One report
describes treatment of a nonpolymeric matrix17 with UV-254 nm
and ozone; the survival of nanoporosity was uncertain.

Wedemonstrate that the polymer-air interface of nanoporous
polymers can be altered by controlled photooxidation in air,
without compromising nanostructure. Patterned hydrophilicity
can be generated, spawning interesting applications. We also
illustrate, by the straightforward calculation of the oxygen
fixation quantum yield,1,2 that NP open new possibilities for
fundamental surface studies of polymers. The effect of photo-
oxidation is described here for the case of nanoporous cross-
linked 1,2-polybutadiene18 of gyroid morphology19 derived
from a self-assembled 1,2-polybutadiene-b-polydimethylsiloxane
(PB-PDMS) diblock copolymer. The conceptual scheme of
the present contribution is shown in Figure 1. Figure S1 of the
Supporting Information demonstrates the nanoporosity-
enhanced photooxidation of another polymer, polystyrene.

PB-PDMS was prepared by “living” anionic polymeriza-
tion.20 The number-average molecular mass of the 1,2-PB block
was 6300 g mol-1 and its mass fraction 0.59. The 1,2-PB
microphase was first cross-linked at 140 �C for 2 h under argon,
and then PDMS was specifically and quantitatively removed by
tetrabutylammonium fluoride, following our recently reported
procedure.18 Either aromatic dicumyl peroxide or aliphatic
diamyl peroxide was used as free radical generators at 1%molar

concentration relative to the PB repeating units. 0.50 mm NP
films were photooxidized in air at either 32( 2 or 42( 2 �C, for
times of up to 50 h by UV generated from Philips Cleo 25W RS
UV lamps. Lithographic masks were used for micropatterning,
while the coarser masks were machined on aluminum sheets. The
radiation wavelength range chosen for the modification of x-PB
was 310-420 nm, peaking at 350 nm; the radiant flux at the
samples’ position was measured to 31 ( 2 mW cm-2. Finally,
copper electrotemplating was realized at 40 V at an electrode
separation of 20 mm from 1 M copper(II) chloride solution (see
Figure 4c).

Figure 2a-d shows transmission electron microscopy (TEM)
images of the NP after 0, 10, 30, and 40 h of UV treatment. The
morphology is conserved in the time window as confirmed by
small-angle X-ray scattering (SAXS) (Figure 2e). The equality of
length scales shownbySAXS indicates that oxygenphotofixation
for irradiation times of up to 40 h mainly happens at the
polymer-air interface.21-23

The sample dry mass increases with irradiation time due to
oxygen fixation asplotted inFigure 3a.After 50hof irradiation the
mass increases by 21% relative to the nanoporous native sample.
Figure 3b shows the equilibrium value forwater uptake of samples
submerged in water after increasing UV-irradiation times. The
sigmoid trend shows that there is a lower limit of roughly 6-8 h in
irradiation time before spontaneous wetting can start. This can be
interpreted as the time needed to reach a critical value for the
surface density of the generated hydrophilic groups. At 30 h the
water uptake is 0.63( 0.03, which together with the dry oxidation
mass adds up to a total volume fraction of 0.44 ( 0.02 (1 g cm-3

overall density assumed). The pore volume fraction of the original
NP as measured by methanol uptake is 0.43 ( 0.01, nicely
matching the above value and reconfirming structure stability.
For the samples irradiated at 40 and 50 h the total volume fraction
of absorbed water and fixed oxygen exceeds by up to 7% the pore
volume fraction of the original NP, probably due to slight sample
swelling in water. Detailed analyses of the results are complicated
by the depth gradient of sample photooxidation degree.

The effects of temperature and cross-linking agent on the
photooxidation reaction were tested by operating at two
temperatures (32 and 42 �C) and with two cross-linkers (one
aromatic and one aliphatic peroxide).24 Within experimental
uncertainty samples irradiated at 32 and 42 �C cannot be
discriminated by the data in Figure 3a. However, Figure 3b hints
to a sharper “hydrophilic transition” taking place at the lower
temperature. The effect of temperature on the sharpness of the
transition is more evident in Figure S3, where the x-axis is the
absorbance at 350 nm. The lower temperature therefore favors
the formation of hydrophilic groups at the polymer-air interface
throughout the sample thickness. A more systematic study of the
effect of temperature in the range 0-50 �C is in progress.

The distinctive possibilities the present materials open
for fundamental studies of photooxidation of polymers in general
is illustrated below by the calculation of the initial oxygen
fixation quantum yield,1,2QO2

0 , which is the wavelength averaged
probability for an absorbed photon to create a covalent bond
between polymer and oxygen:
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NO2,fix
and Nhv,abs are the number of O2 molecules covalently

bond to the polymer and the number of photons absorbed by the
NP, respectively. The numerator in the last expression can be
readily evaluated from the initial slope in Figure 3a; the denomi-
nator is calculated from the polymer transmission UV spectrum
at time t = 0 and the lamp emission profile, as illustrated in
Figure S2 of the Supporting Information. The possibility
to calculate QO2

0 (0.24 ( 0.03, no literature value could be found
for comparison) by using an analytical balance is directly
related to the concentrated interface area and the high oxygen
permeability in the nanoporous samples. Accurate mapping of
the QO2

0 dependence on λ is possible by using monochromatic
radiation of known wavelength. Other important parameters,
difficult to obtain in other ways, such as the kinetics of photo-
oxidation and the type and distribution of the generated chemical
groups can be gained by the present procedure.

The ability of the UV-modified samples to take up water
remained unchanged for at least 6 months, during which dry
samples stored under argon for the period behaved in the same
way as freshly UV-irradiated ones.25 This is an attractive feature
since many hydrophilically modified polymers show irreversible
hydrophobic recovery26 after few days of storage in the dry state.

Figure 4 illustrates the UV patterning of the hydrophobic
matrix and two derived applications on wave guiding and metal
nanotemplating. Patterning of hydrophilic regions into hydro-
phobic surrounding is straightforward by utilizing appropriate
masks. Fine patterns in the micrometer scale were fabricated, as
shown in Figure 4a (see also Figure S4). The spatial decorations
realized here are fascinating as they are a convolution of
nanoporosity into micropatterns. When submerged into water
such samples wet exclusively in the irradiated zones. The added
water increases the refractive index in the hydrophilic regions,

Figure 1. Conceptual scheme showing (a) preparation of a cross-
linked nanoporous polymer of gyroid morphology from a self-
assembled diblock copolymer and (b) controlled photofixation of
oxygen onto the pore walls. Hydrophilic patterns can be created by
application of UV masks. The polymer matrix (red zone) constitutes
the pore walls (0.57 volume fraction, 20-30 nm thick). The wall
volume separated ∼1 nm from the air-polymer interface is referred
to as “polymer bulk” in the text.

Figure 2. Structural characterization by TEM and SAXS of nanopor-
ous x-PB after (a) 0, (b) 10, (c) 30, and (d) 40 h of UV treatment. The
“wagon wheel” (111) projection of the gyroid structure is neatly visible
in all the TEM micrographs. The light regions correspond to the
interconnected porous structure of tripod struts with the white spots
marking the struts with highest projected porosity. The inset in (a) is a
fast Fourier transformof the image illustrating the high degree of order.
The micrograph (d) shows less regularity than the other three; we argue
that this is not due to loss of nanoporous morphology but probably to
sample brittleness caused by inhomogeneous oxidation at different
depths. TEM specimen preparation becomes difficult for such samples,
resulting in fractured microtomed surface at the scale of the micro-
graphs. The preservation of morphology is directly supported by the
similarity of the SAXSprofiles after 0 and 40 h ofUV irradiation shown
in (e). For most applications modification depths 10-100 times smaller
than the present sample thickness will be of interest; in such cases
irradiation times of 8-15 h will be sufficient at equal UV intensity.

Figure 3. Mass change due to oxygen photofixation and equilibrium
of water uptake as a function of UV irradiation time and temperature.
(a) Degree of oxygen fixation expressed as dry mass increase relative to
the unmodified samples for three sets of samples irradiated at 32 �C and
one set at 42 �C. The straight line marks the initial slope of the mass
growth used to calculate theO2-fixation quantumyield. (b) Equilibrium
water uptake of samples treated at different times by UV-350 nm. The
increase ofwater uptake after 8 h ofUV treatment is due to an increased
volume of the NP sample being rendered hydrophilic starting from the
side directly exposed to UV. After 22-30 h the whole sample of
thickness 0.50 mm is rendered hydrophilic.
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providing picture contrast under the optical microscope. Again,
the refractive index contrast allows light guiding at total internal
reflection, as demonstrated in Figure 4b.27

Figure 4c shows directed electrodepositionof copper through a
2 mm wide and 0.5 mm thick hydrophilic strip (cathode on the
left; both electrodes embrace the NP sample through copper
sheets and filter paper helping to keep the sample extremities
wet). The growing finger pattern of the nanotemplated (black)
copper on the cathode (left) is evident. Nanotemplating was
confirmed by SAXS (not shown), by TEM shown in Figure 4d,e,
and by high-resolution TEM shown in Figures S5 and S6. The
conservation of the gyroid morphology after electrotemplating is
evident from Figure 4d,e. The hydrophilic nanopores are filled

with copper which is the reason for the inversed contrast in
Figure 4d relative to the TEM images of Figure 2. The length
scale is unchanged in the two cases. Figure 4e shows a TEM
image from sample’s margin where the copper gyroid scaffold is
very clear. Now, the TEM imaging was made several weeks after
the electrodeposition experiment. The sample was kept in air in
the mean time, in which case copper is expected to oxidize.28 The
crystalline patterns in the high-resolution TEM images of Figures
S5 and S6 show periodicity of 2.54 ( 0.06 Å, consistent with the
d111 crystal spacing observed in nanoparticles of cuprite, Cu2O,
from in-air-oxidized copper nanoparticles.28

In conclusion, we have presented a simple method for gen-
erating hydrophilic nanoporous materials of conserved nanos-
tructure by photooxidation in air of hydrophobic nanoporous
polymers. The vast knowledge on photooxidation of polymers
accumulated in the field of polymer degradation is expected to
play a constructive role within the method presented. The typical
chemical groups responsible for the hydrophilicity are carboxyl
and hydroxyl groups. Hydrophilic patterns of few micrometer
length scale were easily produced. Conversely, it was argued that
nanoporous polymers constitute unique model materials for the
study of the general phenomenon of polymer photooxidation.

The overall method presented combines molecular self-orga-
nization as a bottom-up procedure for the production of nano-
porous polymers with UV patterning as a top-down procedure
for changing the chemical composition of the concentrated
polymer-air interface. A number of added and structure-related
physicochemical properties such as water self-confinement and
flow, refractive index contrast, large surface area, accessible
chemically reactive functional groups, and nanoporosity can be
combined to generate amultitude of new application possibilities.
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