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Developing future stimuli-responsive materials into more sensitive and more specific devices requires that
different entities with advanced functionalities can be organized precisely, allowing them to display
cooperative action. Combining the profile of properties of mesoporous materials with a large amount of
organically functionalized surfaces on the one hand and conducting polymers on the other hand, for
instance the polythiophene family, could lead to interesting smart materials. We show how the surface
groups in periodically ordered mesoporous organosilicas (PMOs) can be electrically contacted by means

of intrapore polymerization of significant amounts of poly-3,4-ethylenedioxythiophene (PEDOT). Cyclic
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Introduction

Every functional material fulfils one task, as soon as it is
exposed to suitable conditions. Although stimuli-responsive
materials (SRMs) also belong to the large class of functional
materials, they are distinct in the sense that certain properties
can be activated, deactivated or at least modified depending on
the prior application of a defined trigger, physical or chemical
in nature. This special feature rationalizes large interest in
SRMs and has stimulated to designate those materials even as
smart.'"®

The earliest examples of SRMs found in the literature
describe some rather simple systems such as thermoresponsive
polymers, which show a change in shape because of the
changing temperature.” However, the applicability of chemi-
cally simple, one component systems is restricted concerning
mastering of more demanding tasks, because up to three
different functional entities need to be addressed and inte-
grated for proper SRM-operation. The first necessary functional
entity secures the detection of the initial stimulus and is
attached to an information forwarding entity, until this infor-
mation is processed in the response unit leading to a change of
key properties of the material. Considering the diversity of
potential triggers (temperature, radiation, mechanical force,
pH-value, ions, redox potential, etc.) and responses (change of
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latter was explored using impedance spectroscopy.

conductivity, optical properties, catalytic activity, wettability,
etc.), it becomes clear that the design of advanced SRMs needs
an architecture composed of several components assembled in
a controlled fashion.® Furthermore, as soon as the detection of
the trigger occurs via an interface, which will be the case for
most chemical triggers, it is desirable to use materials with large
surface areas.

Because of their large internal interfaces and the high state
of development regarding surface functionalization, nano-
porous solids® appear as promising candidates as one of the
components for upcoming SRMs. In particular for ordered
mesoporous silica materials, there has been marked progress
on the derivatization with organic groups.’®*® Of particular
relevance for the current contribution is the alternative to
prepare mesoporous organosilica materials with 100% degree
of organic modification.”” The so-called PMOs (periodically
ordered mesoporous organosilicas)'® are prepared using a
templating approach and special sol-gel precursors with
bridging organic groups like (EtO);Si-R-Si(OEt);."*** An
inspiring review about modern applications of PMO materials
was published recently.”” Inagaki et al. became interested in
PMO materials containing bridging phenyl (C¢H,) groups in
2002.>* We have introduced a related system, in which a variety
of functional groups can be attached to the 3-position of the
aromatic ring, the so-called UKON system.** Meanwhile, we
have presented UKON-materials with acidic groups, alkaline
groups, ligand functionalities and even groups with chirality or
special optical properties.>*

For exploiting the enormous potential of such tailor-made
surfaces in mesoporous organosilicas for SRMs it becomes vital,
that one learns how to read out information or signals from
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these surfaces. The current contribution is one important step
into this direction. Our idea addresses conducting polymers as
‘wires’ for electrically contacting the functional groups in the
pores of PMO materials.

Conducting organic polymers represent a class of compounds
of utmost value.*** Their electric conductivity, color or fluores-
cence is affected significantly by changes in the near environ-
ment.**** Thus, conducting have already been successfully used
in SRM-related applications, for instance in photovoltaic cells,*
as a functional material that changes its electrical properties
when irradiated with light. Other applications are as thin films
for organic electrodes,**** in electrocatalysis or energy storage.*®
Poly(3,4-ethylenedioxythiophene) (PEDOT) is an intrinsic semi-
conductor and can develop high conductivities, but unlike other
conducting polymers it retains substantial conductivity even in
its non-doped state.*” It is also relatively stable against air,
moisture and irradiation.

It is important to note some significant achievements
regarding the incorporation of conducting polymers into
mesoporous matrices. Bein et al. introduced polyaniline in
unmodified, siliceous MCM-41 already in 1994.*®*° The latter
approach was extended significantly by Asefa et al. in 2012,
who introduced roughly 4 wt% polyaniline inside an amine
functionalized mesoporous organosilica material.>® Other
examples are polymers like poly(phenylene butadiynylene) or
polypyrrole in mesoporous silica.>**> Wolf et al. published
an article in 2010 in which they polymerized poly(3,4-ethyl-
enedioxythiophene) in mesoporous silica microspheres by
filling the pores with 3,4-ethylenedioxythiophene (EDOT) and
adding an aqueous sodium persulfate solution.**~** This led to
a composite that consists of 50 wt% PEDOT and contains
significant amounts of conducting polymer outside the pores.
This enabled the possibility to etch the silica to obtain PEDOT
microspheres. However, there is no systematic study exam-
ining the effect of functionalized pore walls interacting with
an incorporated conducting polymer. Furthermore, intro-
ducing a high percentage of polymer without larger amounts
of it being located outside the pores is still a difficult task. This
is important, because for the composite material one is
primarily interested in the interaction of the polymer with the
pore-walls and not in the external polymers. Further, PEDOT
is almost insoluble in any solvent and this prohibits the
synthesis of the conducting polymer and its introduction into
the pore-system by liquid infiltration.

Considering the high density and variability of functional
groups in UKON materials, it seemed promising to us to
incorporate conducting polymers (PEDOT) into the mesoporous
matrix. The functional groups of the organosilica materials
were selected according to their ability to coordinate to metal
ions.?®?° Our task is then to find, if these metal ions coordinated
to the pore-walls have an effect on the conductivity of PEDOT,
and if there is any form of electronic contact. Then, it would be
possible to use the materials for sensor arrays®** and also for
electro-catalysis or for supercapacitors.*”* Our basic idea and
the targeted architecture of the hybrid materials is schemati-
cally shown in Scheme 1.
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Scheme 1 One individual pore of a PMO material comprising benzoic
acid in the pore walls (UKON-2a).2* The —-COO™ group can coordinate
to various metal cations M™* 28 The conducting polymer PEDOT will be
prepared inside the pores and it is expected that this enables electronic
communication between the pore-walls and the conducting polymer.

Experimental part
Material preparation

All reactions were performed in dried glassware in the absence
of air and moisture if not indicated otherwise. All chemicals
were obtained from Aldrich and dried and purified carefully.
1,3-Bis-tri-isopropoxysilylbenzoic acid was prepared as pub-
lished recently.”*

UKON-2a. The mesoporous organosilica material containing
benzoic acid groups reported in ref. 24 was prepared by a
modified procedure. Pluronic F127 (0.4 g) and bis-tri-iso-
propoxysilylbenzoic acid (0.5 g) were dissolved in 1.3 ml of
ethanol. 0.29 g hydrochloric acid was added to this solution
under vigorous stirring. The reaction tube was sealed and the
viscous gel was prehydrolyzed at 60 °C for three hours. After-
wards the tube was opened, the gel dried at room temperature
for seven days and altered at 60 °C for 24 h. The template was
extracted by suspending the obtained material in a solution of
50% by mass conc. hydrochloric acid in ethanol for five days at
60 °C. The material was filtered, washed with ethanol and
diethyl ether and dried in an oven at 105 °C to obtain 0.24 g of
the product as a white powder.

Polymerization of EDOT(3,4-ethylenedioxythiophene) in
UKON-2a. 130 mg UKON-2a was dried in a vacuum for several
hours and homogeneously suspended in 2 ml of a saturated
solution of dry iron(m)-chloride in dry methanol (20 mg ml ™).
Afterwards the solvent was evaporated very slowly (3 h). This
procedure was repeated with 1.5 ml of a saturated solution of
dry iron(m)-chloride in dry methanol. After complete removal of
the solvent, the yellow powder is cooled down to —55 °C. A
solution of 30 mg of 3,4-ethylenedioxythiophene in 0.5 ml of
chloroform was added slowly to the slightly stirred material.
The material was soaked in the solution in large part. Excessive
solvent was removed. The reaction mixture was warmed to room
temperature and reacted for 12 h. Afterwards the mixture is
extracted with a solution of hydrochloric acid in ethanol(5% by
mass) and washed repeatedly with ethanol. The material was

This journal is © The Royal Society of Chemistry 2015
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dried in a vacuum for 12 h and obtained as a black powder
(150 mg).

Infiltration of vanadium ions into the porous host. 30 mg of
PEDOT@UKON-2a or PEDOT were suspended in 1.5 ml of tri-
ethylamine for three hours. The material was washed with
1.5 ml triethylamine and dried in a vacuum at 45 °C for
12 hours. 1.5 ml of a saturated VO(acac), solution in toluene
(10 mg ml™" - the excessive VO(acac), is filtered) are added.
After stirring for 72 hours at room temperature the material was
extracted several times with toluene and then suspended in
triethylamine for three hours. Finally the material was washed
with triethylamine and diethyl ether and dried in a vacuum at
45 °C for 12 hours. For the reference materials the same
conditions were used except for using a solution of acetylace-
tone in toluene (11.6 ml/ml) instead of a VO(acac),/toluene
solution.

Analytical methods

NMR-spectra were acquired on a Bruker Avance III 400 spec-
trometer using CDCI; as a solvent. Solid-state NMR spectra were
recorded using a Bruker DRX 400 spectrometer. The TEM
images were obtained on a Zeiss Libra 120 at 120 kv acceleration
voltage. FT-IR spectra were recorded by using a Perkin Elmer
Spectrum 100 spectrometer using a ATR unit. Small-angle X-ray
scattering (SAXS) measurements were conducted with a Bruker
AXS Nanostar. N,-physisorptions measurements were recorded
on a Micromeritics Tristar. A summary of some textural data is
given in ESI S5.17 The UV/Vis measurements were performed on
a Varian Cary 100 scan UV/Vis spectrophotometer equipped
with an Ulbricht reflecting sphere. Line-scan EDX data were
acquired on a JEOL JEM 2200FS equipped with an EDX detector.
TGA was performed on equipment from Netzsch (STA 429). SEM
images and the EDX data were acquired on a Zeiss Crossbeam
IS40XB instrument. Impedance was measured with a Zahner IM
6 using a 2 electrode setup with 0.3 V DC and 100 mV AC.
Approximately 20 mg of material were used to press pellets with
1.5 tons. The pellet diameter was 0.8 cm. The data were fitted/
simulated using the program ZView. Specific resistances were
calculated using the formula: p = R x 7 x d*/4l; with r =
specific resistance; R = resistance; d = pellet diameter; [ = pellet
height. Specific conductivities were calculated using the
formula: ¢ = 1/p. Pellet thicknesses were measured by SEM by
breaking the pellets. Cyclic voltammetry measurements were
performed in aqueous electrolytes (c(LiClO,) = 1 M) versus a Ag/
AgCl reference electrode; the voltage speed rate was 50 mV s~ .

Results and discussion

Intra-pore polymerization of PEDOT in mesoporous
organosilica materials

The first challenge that needs to be mastered is to ensure the
presence of significant amounts of conducting polymer inside
the pores of the PMO materials. As concrete systems for our
work, we have selected PEDOT and UKON-2a (see Scheme 1).
PEDOT is like other important members from the
polythiophene family insoluble in any solvent. Therefore, the

This journal is © The Royal Society of Chemistry 2015

View Article Online

Journal of Materials Chemistry C

infiltration of a solution containing a preformed PEDOT is
excluded. Instead, it is necessary to carry out the preparation of
the polymer under confined conditions inside the pores of the
PMO host, which represents a particular difficulty. Our idea is
that polymerization can be performed only inside the pore-
volume. This will also improve the contact of PEDOT with
the functional groups at the surfaces of the PMO materials
(Scheme 1). The described procedure (see also the Experimental
part) is applicable to various thiophene derivatives (for example
unmodified thiophene or 3-hexylthiophene) and also to
different mesoporous materials like pure silica of the SBA-15
type and of course also for the organosilica materials of the
UKON:-type relevant to the current contribution. Because EDOT
can be polymerized using gentle oxidation agents like Fe™,
iron(m)-chloride has been deposited inside the pore system
(Fig. 1). FeCl; is not a catalyst, but it reacts as a reagent.
Therefore, the amount of FeCl; inside the pores will control the
degree of polymerization and the amount of polymer in the
composite. At the same time it is important that the pores are
still accessible for the monomer and are not blocked by solid
salt particles. Therefore, at first it was necessary to characterize
the FeCl;@UKON2a material in detail. The presence of iron
chloride could be confirmed by energy dispersive X-ray spec-
troscopy (EDX) shown in ESI Sla.t One can clearly identify all
expected lines FeLa (0.70 keV), FeKa (6.4 keV), ClKa (2.62 keV),
SiKa. (1.74 keV), and OKa (0.53 keV). A high amount of FeCl; in
the sample (=33 mass%) shows the success of the infiltration.

Thermogravimetric analysis (TGA) shown in Fig. 2a was
applied as an independent method for quantification of the
amount of FeCl;. Four major mass loss steps can be identified
by means of calculation of the first derivative of the TGA data.

0y _OH
JiEL o
Si Si-0
0

FeCly/MeOH

Fig.1 Two-step synthesis of PEDOT@UKON-2a: (1) infiltration of FeCls
into the mesopores; (2) polymerization of (3,4-ethylenedioxythiophene)
inside the mesopores.
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Fig. 2 (a) TGA data of FeClz@UKONZ2a (black line) and differentiation
of the TGA curve (grey dots). (b) HR-TEM EDX-line scan data of
FeClz@UKON-2a.

We assign the broad signal at T = 50-250 °C to the removal of
water originating from successive polycondensation of residual
Si-OH groups at elevated temperature, to the removal of
methanol coordinating to FeCl; and/or residual isopropoxy
groups from the sol-gel precursor. There is a sharp step at
T = 150 °C, which can be assigned to the decarboxylation
benzoic acid in UKON-2a. However, the most pronounced mass
loss (Am = —25%) takes place at Tyax = 359 °C. This correlates
well with the boiling point of FeCl; (319 °C). The shift to higher
temperature can easily be explained by capillary forces (Kelvin
equation), and is a hint that FeCl; is located inside the pores.
The latter assumption was confirmed by transmission electron
microscopy (TEM) combined with EDX line scans (Fig. 2b). One
can also see from Fig. 2b that the distribution of Fe™ is
homogeneous over the entire material. The final TGA signal
(Fig. 2a) at T = 530 °C is caused by the decomposition of
the remaining organic parts in UKON-2a matching to the
decomposition of pure UKON-2a (Fig. 3c). TEM images of
FeCl;@UKON?2a recorded at a higher magnification are shown
in S1b.} They prove that the immobilization of FeCl; does not
corrupt the ordered mesostructure of UKON-2a. This is also
confirmed by small angle X-ray scattering analysis (SAXS) given
in Sic.t Except for minor differences in the intensity, the SAXS
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Fig. 3 (a) *C- solid-state NMR data of UKON-2a (red graph) and
PEDOT (blue graph) as references and PEDOT@UKON-2a (black
graph). (b) UV/Vis data of PEDOT@UKON-2a (black line), pure
PEDOT (grey dotted line) and pure PEDOT obtained by dissolving
PEDOT@UKON-2a (grey dashed line). (c) TGA data of UKON-2a (black
dashed line), PEDOT (black dots) as references, PEDOT@UKON-2a
(black line) and first derivative of the TGA data of PEDOT@UKON-2a
(grey line).

pattern remains the same before and after FeCl; incorporation.
If there is still a certain degree of accessibility remaining, it was
examined using N, physisorption analysis shown in Sid.f
Because a significant part of the pore volume is now filled with
FeCl; it is expected that the amount of adsorbed gas drops
significantly, which can also be seen from the data. However,
there seems to be still a slight porosity in the system.

This journal is © The Royal Society of Chemistry 2015
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Thus, the EDOT monomer was infiltrated next. Infiltration
was performed at low temperatures for prohibiting polymeri-
zation before diffusion of the monomer into the deeper parts of
the porous system. Polymerization is started by increasing the
temperature to 25 °C. It also needs to be mentioned that,
because Fe(m) is a reagent, the oxidative reaction with PEDOT
leads to the formation of Fe(u) species. The enhanced solubility
of Fe(u) species liberates space in the pores for the forming
polymer. After polymerization has occurred, the residual iron
salts are removed using liquid-liquid extraction. The absence of
irons ions can be shown by EDX analysis (see ESI S2at). As
expected, one now sees a signal for sulphur (SKa; 2.30 keV)
originating from the presence of PEDOT. The change of the
colour of the material from yellow for FeCl;@UKON-2a to black
for PEDOT@UKON-2a is a first hint for the success of the
polymerization and the formation of the conducting polymer.**
Solid-state NMR spectroscopy (**C) was applied for further
characterization (Fig. 3a). ">*C-NMR data of PEDOT@UKON2a
show besides the signal characteristic for the starting material
UKON-2a (6 = 124, 131, and 163 ppm) broad peaks at 6 = 103
and 58 ppm which can be assigned to the presence of PEDOT in
accordance to the spectrum of the pure polymer measured as a
reference.

The optical properties of the material were characterized
using UV/Vis spectroscopy recorded in diffuse reflection shown
in Fig. 3b. The absorption band at A; = 480 nm can be assigned
to PEDOT in its undoped state, whereas the broad absorption
signal beginning at A, = 650 nm stands for electronically doped
PEDOT species.®” In comparison to the optical transition (1; =
550 nm)® known from the literature there is a blue-shift, which
might suggest that the PEDOT conjugation length is smaller, for
instance because of a lower polymerization degree.®*** To find
out, if this effect is caused by the polymerization process per-
formed under confined conditions inside the porous host,
two reference experiments (A and B) were performed. (A) It is
known that the Si-O-Si UKON-PMOs can be cleaved under
basic conditions (pH > 11).*° Thus, the alkaline treatment of
PEDOT@UKON2a allowed us to separate PEDOT from the
mesoporous host. UV/Vis data for this PEDOT are compared in
Fig. 3 to a PEDOT polymer prepared by polymerization in bulk
solution (B) under otherwise unvarying conditions. The two
spectra are almost identical, indicating that the polymerization
in pores does not significantly alter the chemical nature of the
polymer, for instance the polymerization degree. However, it
can be seen that the porous host has the effect that the
absorption signals in PEDOT@UKON2a are much more
distinct. This might be explained by a difference in chain
conformation of PEDOT inside the pores.®**® The existence of
the conducting polymer as well as first hints for particular
electronic properties of the PEDOT@UKON2a composite can
also be seen from scanning electron microscopy (SEM) investi-
gation (given in S2bt). The morphologies of the empty UKON-2a
and the PEDOT filled variant look similar. The particles of the
mesoporous solid show flat surfaces without any polymeric
residues on or between those particles. Polymerization seems to
have occurred only inside the pores. One marked difference is,
however, that the particles containing PEDOT display much

This journal is © The Royal Society of Chemistry 2015
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weaker charging effects in the electron beam, which is a direct
result of its conducting nature. As an independent technique, it
was checked by atomic force microscopy (AFM), if significant
soft zones are present in the material (see S2d¥). This would
show that a significant amount of polymer is found outside the
particles. However, the latter is not the case.

Quantification of the amount of PEDOT is not yet possible by
means of the mentioned analytical techniques. The exact
amount of polymer in the nanocomposite can be determined
using TGA (Fig. 3c). There are two main mass-loss steps. One at
T = 468 °C, which can be assigned to the oxidative removal of
the organic part of the PMO matrix (C¢H3R), and one at 340 °C
which is caused by the removal of PEDOT. Comparison to the
TGA trace of pure PEDOT (Fig. 3¢; Tpe. = 252 °C) indicated that
its stability is increased inside the mesoporous matrix, possibly
because of confinement effects.>® The quantitative evaluation of
the mentioned, two steps shows that the material is composed
of = 23 mass% PEDOT (equates to 32 mol% PEDOT). EDX was
used as an independent technique for confirming the TGA
results (see S2at). The amount of sulphur present indicates that
the material consists of 34 mol% PEDOT, which is in excellent
agreement with the TGA data. Please note that this represents a
very high loading of the pores with the organic polymer.>**”% As
already stated above other procedures can yield comparable
amounts of polymer or even more but with significant amounts
of polymer outside the pores.”** Our materials can also be
loaded with lower amounts of polymer. Because Fe(m) is a
reagent needed for polymerization, the deposition of a smaller
amount of FeCl; inside the pores and adjustment of the amount
of monomer will lead to a drop of the polymer content.
However, because we were focusing on maximizing the polymer
content, we were not following this point further.

It is important to check, if the pores of the PMO are still
accessible or not and how the polymer is distributed. The
samples were investigated by N, physisorption analysis before
and after polymerization of PEDOT inside the pore-system
(Fig. 4a). Because the space occupied by PEDOT is no longer
accessible for nitrogen molecules, it is clear that the pore-
volume decreases. Considering 23 mass% PEDOT (see above) in
the composite and the density of PEDOT (p = 1.46 g cm ™ °), one
expects a decrease of the pore-volume (AVpore) of 0.22 cm® g~
This is a little bit lower than the value of AVpor = 0.33 cm® g~
calculated from the experimental pore volumes of UKON-2a
(0.79 cm? g~ ') compared with PEDOT@UKON2a (0.45 cm® g~ 1).
The specific surface area decreases only a bit from 694 m* g~*
for the host material to 541 m> g~ for PEDOT@UKON2a. The
latter findings suggest that the polymer is not blocking the
pores, but it is homogeneously coating the pore-walls. This
assumption is supported by the fact that the Barret-Joyner-
Halenda (BJH) pore-size distribution function, calculated by the
adsorption branches of the isotherms, of PEDOT@UKON-2a
(Fig. 4a) is shifted slightly towards smaller values (ADpqre =
0.45 nm). A similar effect can also be seen in TEM (Fig. 4c and d)
(ADpore = 0.5 nm). Thus the change in pore-size is because of a
PEDOT coating of the pore-surfaces and not of a change in
overall periodicity, could be confirmed by SAXS measurements

shown in S2¢,T because the main signal at ¢;o = 0.55 nm ™" is
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Fig. 4 (a) N, physisorption data (black) and BJH pore-size distribution
function (grey) of UKON-2a (dotted curves) and PEDOT@UKON-2a (solid
curves). (b) HR-TEM EDX-linescan data of PEDOT@UKON-2a. (c) TEM
micrograph of UKON-2a. (d) TEM micrograph of PEDOT@QUKON-2a.

not shifted. Additionally, an HR-TEM EDX line scan shows that
the polymer is distributed homogenously over the material and
not only on the pore entrances (Fig. 4b). The same result was
obtained from HRTEM-EDX line scan measurements given in
S2e.t This leads to the conclusion that a material has been
gained, which not only has a huge interface area between
two functional materials, but also still retains its large
surface area and the accessibility of the pores (as depicted in
Scheme 1).

Investigation of electronic and stimuli-responsive properties

The next step is to examine the responsive behaviour of the
materials. From our previous experiences with UKON-2a
we know that the carboxylic groups are suitable for the coor-
dination to oxophilic transition metal species like the
vanadyl cation [VO]**.?** Therefore, vanadyl acetylacetonate
([vO](acac),) was infiltrated into PEDOT@UKON2a resulting
in a sample labelled as VO@PEDOTUKON2a. From EDX data
(given in S3+) it can be concluded that VO@PEDOTUKON2a
contains 27% [VO]*" ions per PEDOT monomer unit. Because
[VOT** itself is colourless, inspection of the optical properties
of VO@PEDOTUKON2a (Fig. 5) can be used as a first tool to
investigate any effects on the electronic properties of the
conducting polymer. It can be seen that the absorption band
corresponding to the doped state of PEDOT (A > 700 nm) has
gained intensity. This indicates that [VO]*" as a strong Lewis-
acid also coordinates to PEDOT (as depicted in Scheme 1) and
presumably leads to a p-doped character. An analogous
procedure was performed for the pure polymer as a reference
(see S4t). The treatment with [VO](acac), had no effect on the
optical properties of pure PEDOT, and this is a first hint for the
importance of the presence of the functional groups in the
PMO material.
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Fig. 5 (a) UV/Vis diffuse reflectance (R) data of VO@PEDOTUKONZ2a

(squares) and PEDOT@UKON-2a as a reference (circles). Intensities were
normalized to the absorption band at A = 480 nm. (b and c) Photographs
of PEDOT@UKON-2a (b) with [VOI?* ions (c) reference without [VOI%*.
(d) Impedance data (data points) and fitted curves (solid lines); Nyquist
plots with Z/= real part of impedence and Z’ = imaginary part of
impedence; black = VO@PEDOTUKONRZa; grey = PEDOT@UKONZ2a;
orange = Fe@QPEDOTUKONZ2a; blue = Ni@PEDOTUKONZ2a; green =
Co@PEDOTUKONZ2a; red = Mn@PEDOTUKONZa.

If it is the case that promoted p-doping has occurred
for VO@PEDOTUNKON2a, one has to expect a change in
conductivity compared to PEDOT@UKON2a. Therefore,
the samples were examined using impedance spectroscopy
(see Fig. 5d; Experimental part). Indeed the resistivity
decreases from 6.8 GQ for PEDOT@UKON2a to 4.3 GQ for
VO@PEDOTUNKON2a. Alternative cations like Fe**, Ni**,
Co®" or Mn>" have also been tested, and interestingly every
species leads to different conductivities (Fig. 5d). The latter
results lead the way towards developing a potential sensor for
transition metal containing solutions. However, it should
also be noted that weaker Lewis-acids have an opposite effect
on the electronic properties of the PEDOT@UKON2a hybrid
compared to the strong Lewis-acid [VO]*", as they lead to a
decrease in conductivity. It seems that weak Lewis-acids shift
the equilibrium to the undoped state of PEDOT.

This journal is © The Royal Society of Chemistry 2015
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Further evidence for the electronic contact between tran-
sition metal cations coordinated to the carboxyl groups in
UKON-2a and the conducting polymer inside the pores comes
from cyclic voltammetry measurements (CV). Ru@ PEDOTUKON2a
was prepared and investigated using CV in comparison to
PEDOT@UKON?2a (Fig. 6). The CV curve of PEDOT@UKON2a is
characterized by two broad waves, one for oxidation and
another for reduction of PEDOT. Because of a potential overlap
with these signals a precise evaluation of the CV data of
Ru@PEDOTUKON?2a is difficult. However, one can clearly see
additional signals for the Ru"/Ru™ redox pair. Because Ru-
containing materials are used for pseudo-capacitive energy
storage and electrocatalysis,”®”* the latter results are important
for further potential applications of the materials presented
in the current paper. It is also seen that current I increases by
a factor of 20 for Ru@PEDOTUKON2a in comparison to
PEDOT@UKON2a (Fig. 6). This shows that the interplay
between the three components UKON-2a, PEDOT and the
transition metal species (see also Scheme 1) is a deciding factor
for the amount of charges that can be stored inside the material
and also regarding its electrochemical activity. The stability of
PEDOT@UKON2a was checked by running 100 x successive CV
cycles, indicating no significant loss of the signal. In addition,
FT-IR data of the material before and after these 100 cycles were
compared to each other. Also in IR, there are no changes seen.
The latter data are shown in ESI S6.7

The enormous sensitivity of the PEDOT@UKON2a hybrid
material against Lewis-acids can also be demonstrated by
studying the pH-dependency of the system. The material was
treated with aqueous solutions with pH = 0, 2, and 7. After-
wards impedance spectra were recorded (Fig. 7). One sees that
also protons are capable of p-doping PEDOT inside the PMO
material. The higher the proton concentration is, the lower is
the electric resistance. However, these results also mean that
one has to control the pH-value carefully (which we did), when
one is studying the interaction with other Lewis-acids like the
mentioned transition metal species.

0.20 1.0
0.154 0.8
0.104 _’0'6
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Fig. 6 CV data of PEDOT@UKONZ2a (black) in comparison to
Ru@PEDOTUKONZ2a (grey).
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Fig. 7 Impedance spectra (experimental data points and fit curve) for
PEDOT@UKONZ2a treated at pH = O (dots), 2 (triangles) and 7 (squares).

Conclusions

We have presented the successful combination of two different
classes of functional materials: periodically ordered meso-
porous organosilica materials and conducting polymers. First,
the intra-pore polymerization of thiophene-based polymers, for
example PEDOT, was mastered. The advantage is that a large
amount of polymer can be brought into contact with the large
number of functional surface groups located in the pores of the
PMO material. The potential of those functional groups was
used for the coordination of different Lewis-acids, e.g. transi-
tion metal cations. It could be shown that an electronic contact
between those transition metal species and PEDOT is realized.
Furthermore, the different Lewis-acids led to specific changes in
the doping state of PEDOT. The strength of the presented
materials is presumably not due to the realization of a very low
detection limit, which is not determined, but the possibility to
differentiate between the different transition metal species
using only one sensory system. The mentioned properties make
the materials not only interesting as smart materials, but also
for applications especially in sensor arrays, electrocatalysis or
even as supercapacitors.
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