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One key feature for bioinspired transport design through nanoscale pores is nanolocal, asymmetric as well

Received 29th August 2022
Accepted 12th September 2022

as multifunctional nanopore functionalization. Here, we use a visible-light induced, controlled photo

electron/energy transfer-reversible addition—fragmentation chain-transfer (PET-RAFT) polymerization for
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rsc.li/rsc-advances sequence design.

Despite the numerous examples of gated nanopore transport,
transport direction as well as selectivity is still a challenge in
technological pores."” To date, directional transport has been
experimentally demonstrated in Janus materials.>® With
respect to individual nanopores transport direction and ion
rectification has been shown for asymmetrically shaped nano-
scale pores and channels.” For ion track etched nanochannels,
Siwy demonstrated that ionic current rectification takes place
even in the presence of identical pH value and electrolyte
concentration on both pore openings.®* The potential of asym-
metric nanochannel polymer functionalization for selective
transport direction has been demonstrated by modeling studies
from Huang and Szleifer.” They demonstrate the importance of
the local placement and monomer sequence control of a pH-
responsive copolymer precisely located at the pore entrances.
By using a polyelectrolyte block located at the wall and
a hydrophobic block located toward the pore center a multi-
stimuli responsive nanogate was created.” Furthermore, high
ionic rectification factors above 1000 for asymmetric designed
nanopores have been theoretically demonstrated* by imple-
menting two orthogonal gates at both entrances of a nano-
pore.** Although controlled polymer functionalization of
nanopores significantly advanced within the last years,"*'
experimental examples on local polymer placement and
sequence control remain a challenge and need local polymer
placement and controlled polymerization. Polymerization
control in nanopores is most often achieved by surface-initiated
atom transfer radical polymerization (SI-ATRP), SI-RAFT, or
iniferter-initiated polymerizations. Using controlled SI-ATRP
the low dispersity'>** as well as influence of curvature on poly-
merization" was demonstrated. By using SI-RAFT or iniferter-
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asymmetric polymer placement into mesoporous silica thin films including asymmetric polymer

initiated polymerizations re-initiation was achieved.”™ In
addition, a few examples using SI-ring opening metathesis
polymerization (SI-ROMP) have been demonstrated.>**> Nano-
local nanopore functionalization has been e.g. achieved using
contactless electro functionalization,* which requires a (semi-)
conducting membrane and a sandwich like composition.
Using localized gold coatings and thiol chemistry locally limited
functionalization was achieved.” For inverse opal monolayers
with a gold coating at the outer surface as well as on the pore
bottom local placement of three functional units including two
polymers has been demonstrated.*® Using visible light induced
polymerization in combination with nanoscopically limited
visible light emitted from surface plasmons of metallic nano-
particles integrated into mesoporous films allows to nano-
scopically limit polymer functionalization in such mesoporous
materials.”” To achieve polymer sequence design including local
control along the mesoporous film cross section we perform
a two-step visible light induced PET-RAFT. In a first step mes-
opores were filled with poly-2-(dimethylamino)ethyl methacry-
late (PDMAEMA). In a subsequent re-initiation of the visible
light induced PET-RAFT in the presence of (2-(methacryloyloxy)
ethyl phosphate) MEP mainly the outer mesoporous film
surface was functionalized with a block-co-oligomer of
PDMAEMA-b-PMEP. Mesoporous silica films have been
prepared using evaporation-induced self-assembly (EISA)* and
dip coating. Inspired by Dunphy et al.>® pore sizes in the range
of 13 nm, a porosity of 52-66 vol% at 15% relative humidity, and
film thicknesses between 500-600 nm, determined by TEM,
ellipsometry and REM measurements, were obtained using
Pluronic® F127 as template (Fig. 1a). A major advantage of the
applied visible light induced PET-RAFT polymerization for
locally resolved re-initiation is its robustness towards the pres-
ence of oxygen. By functionalization with PDMAEMA for two
hours pore filling degrees of almost 90 vol% were achieved
(Fig. 2 and S1f). The film thickness does not significantly
increase upon PDMAEMA functionalization which seems
consistent when considering the pore radius and the error bar
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Fig. 1

(a) Mesoporous silicafilm with film thicknesses between 500-600 nm (SEM image) and pore sizes in the range of 13 nm (TEM image). (b)

Visible light induced PET-RAFT to functionalize mesoporous silica films with PDMAEMA-b-PMEP. Pore fillings and film thicknesses were

determined by ellipsometry.

of the ellipsometry measurement (Fig. 2a and b). In the pres-
ence of a second monomer MEP, re-initiation of the polymeri-
zation resulted into block-copolymer functionalization at the
outer surface. The slight increase of the refractive index (up to
0.08, Table S37) indicates only minor re-initiation inside the
mesopores, while the film thickness increased significantly
upon PMEP polymerization (Fig. 2a, blue to red). The RAFT
agent at the outer mesoporous film surface was destroyed using
a CO,-plasma treatment as described by Krohm et al.?* and
Babu et al.* (Fig. 2b). The comparison of CO,-plasma treated
and non-CO,-plasma treated films reveals a larger increase of
the film thickness (up to 112 nm, average 69 nm, Table S37)
upon polymerization without CO,-plasma treatment, while the
pore filling degrees are comparable for polymer functionalized
mesoporous films with and without CO,-plasma treatment.
This observation supports local polymer re-initiation mainly at
the outer mesoporous film surface which is in addition
consistent with ATR-IR measurements (Fig. S2+).

ToF-SIMS depth profiling analysis (Fig. 3a and b) shows
a significantly higher signal intensity for PO;~ (diagnostic ion

for PMEP) on the outer film surface than inside the mesoporous
silicafilm. On the topmost layer a ratio of CN™ : PO;~ of
approximately 1 : 23.5 was detected, while the ratio inside of the
mesoporous silicafilm is approximately 1 : 0.05. The intensity of
S resulting from the RAFT agent DDMAT, also is most intense
at the outer surface. After removing the first layers, corre-
sponding to the polymer at the outer planar surface of the
mesoporous film, the S™ intensity reduces but stays almost
constant (Si: S ratio approximately 1:0.03) until the SiO,
substrate below the mesoporous film is reached. This proofs the
presence of DDMAT along the entire film thickness and indi-
cates the absence of re-initiation within the mesopores being
due to confinement and pore filling but not due to removal of
initiator for example. XPS measurements show a similar ratio of
Si: S (Fig. 3e and Table S57). Furthermore, the intensity decrease
in the PO;~, CN™ and S intensities at the beginning of the
depth profiling (Fig. 3b) and the increase in SiO, intensity
(Fig. S41) indicates a polymer overlayer on the mesoporous
silica, which is removed in the first 50 seconds of sputtering.
The SiO, ™ intensity stays at a constant level after these initial
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Fig.2 Results of the ellipsometry measurements at 15% relative humidity (a) without CO,-plasma treatment and (b) with CO,-plasma treatment.
(c) Schematic figure, showing the different functionalization steps black = mesopores silicafilm, magenta = DDMAT functionalized film, red =
PDMAEMA functionalized film, blue = PDMAEMA-b-PMEP functionalized film. Shown are each one samples, which were measured on three

different spots.
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Fig. 3

(a and b) Results of the ToF-SIMS depth profiling of the PDMAEMA-b-PMEP-functionalized film reveals the intensity ratios of the diag-

nostic ions for PDAMEMA (CN, blue), PMEP (POs, red) and DDMAT (S, magenta). The shading of the profile reveals the film on the mesoporous
silica film (red-blue), the silica film (light grey) and the silica substrate (dark grey). Signal intensities are point-to-point normalized to the signal
intensity of SiO, ™. (c) TGA measurements of mesoporous silicafilm (black), DDMAT-functionalized film (magenta), PDMAEMA-functionalized film
(blue) and PDMAEMA-b-PMEP-functionalized film (red). Schematic figure, showing the different functionalization steps, represents the legend

for the colour code.

sputtering cycles until the SiO, substrate below the mesoporous
film is reached (Fig. S37). Finally, TGA (Fig. 3) and XPS (Fig. S57)
results confirm the successful functionalization of the meso-
porous silicafilms with PDMAEMA-b-PMEP. After 2 h polymer-
ization of DMAEMA a mass loss of ~36% was obtained by TGA
analysis. After subsequent re-initiation and functionalization
with MEP a mass loss of ~39% was achieved by TGA measure-
ments (Fig. 3c, blue and red). The low mass loss increase ob-
tained after re-initiation in comparison to the mass loss after
DMAEMA polymerization in the first step is related to the re-
initiation with MEP taking place mainly on the outer surface.
In analogy to Pasetto et al.*" a grafting density of DDMAT of 0.2-
0.6 molecules per nm and an estimation of the PDMAEMA
chain length of ~9.4 monomers per chain was calculated using
the mass loss of DDMAT functionalized films and PDMAEMA
functionalized films in TGA measurements (Fig. 3c, magenta,
blue). A specific surface area of 2.93 x 10°°-7.84 x 10> nm”> g~*
was used (electronic ESIf).

The PDMAEMA-b-PMEP copolymer functionalized meso-
porous films show a static contact angle (CA) of approximately
72° and an advancing CA up to 67-95° (Fig. S6b and dt). The
hydrophobic regime of mesopores, in which water is excluded
from entering the pores is usually reported for CA values
higher than 90°°**® static or advancing CA although reports on
65° exist.***° As we observed that water was not able to imbibe
into the mesopores under the applied experimental conditions
(even not if the polymer functionalized mesoporous film was
incubated in aqueous KCI solution prior to the experiment)
reliable molecular transport characterization from aqueous
solution was measured after addition of ethanol (0.06vol%,
Fig. 4, S6 and Fig. S71). For PDMAEMA functionalization
(Fig. 4a) the cyclic voltammograms show the expected ionic
pore accessibility governed by the PDMAEMA pH-dependent

© 2022 The Author(s). Published by the Royal Society of Chemistry

charge: cation exclusion at acidic pH due to the positive
charge of PDMAEMA (pKa value in solution around pH 7.5%),
and a minor cation accessibility at basic pH is observed. The
most prominent change induced by PDMAEMA functionali-
zation is the anion pre-concentration at acidic pH. A reduction
in peak current density for anion pore accessibility at basic as
compared to acidic pH is observed (Fig. 4a red dashed line and
red line). As expected PMEP functionalization (Fig. 4b) results
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Fig.4 CV measurements (100 mVs™}) of (a) PDMAEMA functionalized
(2 h irradiation), (b) PMEP functionalized (2 h irradiation), (c)
PDMAEMA-b-PMEP functionalized mesoporous silicafilm using
0.06 vol% of ethanol. blue) [Ru(NHs)gl>*/** as probe molecule; red)
[Fe(CN)gl> /4~ as probe molecule at concentration of 1 mM in 100 mM
KCl electrolyte solution. (d) Schematic illustration of the porous sili-
cafilm in dependence of the pH-value. Cyclic voltammetry measure-
ments of PDMAEMA-b-PMEP functionalized mesoporous films were
performed on four sets of independently synthesized mesoporous
silicafilms.
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into an exclusion of anions at basic pH and thus negatively
charged PMEP with only minor anionic pore accessibility at
acidic pH 3. In agreement with this observation cations show
pore accessibility at acidic pH and pre-concentration at basic
pH under the applied conditions. Interestingly, cyclic vol-
tammograms for asymmetric PDMAEMA-bh-PMEP functional-
ized mesopores with mainly PDMAEMA inside the mesopores
and PDMAEMA-H-PMEP mainly on the outer surface (Fig. 4c)
show ionic pore accessibility being controlled by both poly-
mers. Anionic [Fe(CN)g]> /%~ can access the pores at basic pH
while anions are strongly pre-concentrated at acidic pH at
which the PDMAEMA is expected to be positively charged.
Quantitatively, this pre-concentration is comparable to the
one of mesopores only functionalized with PDMAEMA. At the
same time, cationic [Ru(NH,)e]*"** probe molecules (Fig. 4a
blue) are almost fully excluded at acidic pH which is consistent
with the PDMAEMA positive charge and the observed anion
pre-concentration. Interestingly, [Ru(NH;)s]*/®" cations are
pre-concentrated at basic pH. As this pre-concentration was
not observed in only PDMAEMA functionalized pores but for
PMEP functionalized pores, this cation pre-concentration at
basic pH is not exclusively due to remaining silanol groups at
the pore wall, but has to be due to the PMEP at the outer
surface.

Angelomé and coworkers® used CV measurements to
analyze diffusion in mesoporous TiO, films, where they pre-
dicted the diffusion layer for [Fe(CN)s]>’* to be in a range of 20~
200 um using scan rates of 5-500 mVs ™ '. This agrees with our
observation that PMEP functionalization on the outer surface of
a 500-600 nm mesoporous silicafilm significantly influences
the detected pore accessibility.

In conclusion, using a visible light induced and oxygen-
tolerant PET-RAFT, and polymerization re-initiation with two
oppositely charged monomers an asymmetric polymer place-
ment and an asymmetric polymer chain sequence design with
a PDMAEMA-b-PMEP functionalization on top of the meso-
porous silica layers and a PDMAEMA pore filling was fabricated.
The key to this asymmetric block-copolymer functionalization
was a relatively high pore filling of almost 90 vol% after the first
polymerization step with an estimated chain length of 9
monomers per chain. Transport characterization of these
asymmetric and block-co-oligomer functionalized mesoporous
silicafilms clearly shows the influence of both polymer blocks
on ionic pores accessibility. Altogether, the defined design of
polymer functionalization in mesoporous silica layers
combined with orthogonal characterization techniques and
transport characterization clearly demonstrates the influence of
outer surface functionalization on the transport performance of
mesoporous layers and represents a first step towards experi-
mentally designing and understanding the potential of asym-
metric porous layer functionalization with polymer sequence
control. Managing the local control of polymer composition/
chain architecture along the transport direction of meso-
porous films is a first important experimental step to improve
transport performances, which have been theoretically
proposed.®*®
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