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ABSTRACT: Thin films of microporous polymer networks
(MPNs) have been generated by electrochemical polymer-
ization of a series of multifunctional carbazole-based
monomers. The microporous films show high Brunauer−
Emmett−Teller (BET) surface areas up to 1300 m2 g−1 as
directly measured by krypton sorption experiments. A
correlation between the number of polymerizable carbazole
units of the monomer and the resulting surface area is
observed. Electrochemical sensing experiments with 1,3,5-
trinitrobenzene as prototypical nitroaromatic analyte demon-
strate an up to 180 times increased current response of MPN-
modified glassy carbon electrodes in relation to the nonmodified electrode. The phenomenon probably involves intermolecular
interactions between the electron-poor nitroaromatic analytes and the electron-rich, high surface area microporous deposits, with
the electrochemical reduction at the MPN-modified electrodes being an adsorption-controlled process for low scan rates. We
expect a high application potential of such MPN-modified electrodes for boosting the sensitivity of electrochemical sensor
devices.
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■ INTRODUCTION

Microporous polymer networks (MPNs) have been often
related to potential applications for gas capture1,2 and
separation,3,4 catalysis,5−7 organic electronic devices,8,9 and
solid state sensors.10 For the latter two applications, the
availability of high quality films is required.11 The chemical
methods, which are commonly used for MPN generation,
usually produce powdery and practically intractable sam-
ples.12,13 The possibility of an electrochemical generation of
carbazole-based MPN films has been recently demonstra-
ted.14,15 The resulting electrochemically generated MPN films
have been used as electrode interlayers of organic electronics
devices such as organic light emitting diodes and organic solar
cells or as an electrode material of supercapacitors.16 A direct
proof for the microporosity and high surface area of such films
has been first presented in a recent publication by Jiang and co-
workers17 in krypton gas sorption measurements followed by
data analysis based on the Brunauer−Emmett−Teller (BET)
equation. On the other hand, films of carbazole-based polymers
have been used as sensors for nitroaromatic compounds
(NACs) via fluorescence quenching18 or electrochemical
reduction.19 The latter principle is based on the quantification
of the cathodic current which is produced during reduction of
the nitroaromatic analytes. Zhang and co-workers used films of
electropolymerized, carbazole-based monomers for the electro-
chemical detection of NACs. However, their monomers contain

flexible alkylene linkers and should not form microporous
networks. Therefore, the novelty of our approach is to combine
permanent microporosity of electrochemically deposited films
with the electrochemical detection of nitroaromatic analytes.
Within this work, we report the electrochemical generation

of MPN films starting from a series of multifunctional
carbazole-based monomers, as well as direct porosity measure-
ments of the resulting films by the krypton sorption method.
The extracted BET surface area data are compared to the SBET
values of corresponding, chemically synthesized bulk MPNs
which are obtained as powders. Increased functionality of the
multifunctional carbazole-based monomers causes increased
BET surface areas, most probably due to an increased rigidity of
the networks. Moreover, glassy carbon (GC) electrodes
modified with our MPN films have been used for the
electrochemical sensing of the prototypical nitroaromatic
analyte 1,3,5-trinitrobenzene (TNB). Here, a correlation
between the surface area of the MPN films and the cathodic
current response to TNB is observed. The results demonstrate
that modification of GC electrodes with microporous polymer
coatings can boost the sensitivity to NAC by more than 2
orders of magnitude most probably driven by intermolecular
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electronic interactions between the electron-poor nitroaromatic
analytes and the electron-rich MPN surface. Finally, the
electrochemical reduction of the nitroaromatic analytes on
the MPN-modified GC electrodes is studied at different scan
rates. The process is characterized as an adsorption-controlled
phenomenon involving an adsorbate layer of the NACs for low
scan rates (<0.075 V s−1); the current is directly proportional to
the scan rate. With increasing scan rate the process becomes
diffusion-controlled, since the transport of the analyte
molecules is now the limiting process, the current is now
proportional to the square root of the scan rate for high scan
rates (>0.075 V s−1).

■ EXPERIMENTAL SECTION
Synthesis. 4,4′-Di(carbazol-9-yl)-1,1′-biphenyl (CBP), tri[4-(car-

bazol-9-yl)phenyl]amine (TCTA), and 1,3,5-tri(carbazol-9-yl)benzene
(TCB) were purchased from commercial suppliers. Synthetic details
for 4,7-di[4-(carbazol-9-yl)phenyl]benzo[c][1,2,5]thiadiazole
(CBPBT), 2,2′,7,7′-tetra(carbazol-9-yl)-9,9′-spirobifluorene (SpCz),
and tetra[4-(carbazol-9-yl)phenyl]methane (TPTCz) as well as the
FeCl3-mediated syntheses of all corresponding bulk polymers are
reported in the Supporting Information. 1H and 13C NMR spectra
were obtained on Bruker Avance 400 and III 600 machines. APLI mass
spectra were recorded on a Bruker Daltronik microTOF system
(KrF*-Laser ATLEX-SI, ATL Wermelskirchen). Nitrogen and krypton
adsorption−desorption isotherms were recorded on a BEL Japan Inc.
Belsorp-max system at 77 K. All samples were dried on a Belprep-vac
II at 140 °C and ∼2 Pa overnight prior to the sorption measurements.
Electropolymerization of Carbazole-Based Monomers and

Electrochemical Reduction of Nitroaromatic Analytes. The 0.5
mM solutions of the monomers are prepared in acetonitrile/
dichloromethane (1:4). Following, 0.1 M tetrabutylammonium
perchlorate (TBAP) is added as supporting electrolyte. The solutions
were placed in a three-electrode cell, attached to an electrochemical
workstation PAR VersaSTAT 4 under argon atmosphere at 25 °C. A
platinum disc (for monomer and polymer characterization), indium tin
oxide (ITO, for thickness/roughness, and surface area measurements
of the MPN films), and glassy carbon (GC, for electrochemical sensing
of nitroaromatic analytes) were used as working electrode (WE), in
combination with a platinum counter electrode (CE) and Ag°/AgNO3

(0.1 M AgNO3, 0.60 V vs NHE, nonaqueous reference) or Ag°/
AgCl(sat.) (3 M NaCl, 0.21 V vs NHE, aqueous reference) as
reference electrodes (REs). Potentiodynamic or potentiostatic regimes
were applied for the generation of microporous films on the
electrodes. Thick films on ITO were produced by applying an
oxidative potential of 1 V (CBP, SpCz, and TPTCz) or 1.1 V
(CBPBT, TCB, and TCTA) for 20 min. After polymerization a
potential of 0 V was applied for 60 s in order to discharge the deposits.
After rinsing and careful drying, the films can be used for krypton gas
sorption measurements. Thin films on GC were produced by applying
a potential of 1.1 V until an oxidative charge density of 25.5 mC cm−2

was accumulated. After polymerization a potential of 0 V was applied
for 30 s in order to discharge the deposits. After rinsing, the MPN-
modified GC electrodes were used as WE in 0.2 M KCl and 0.1 M
PBS (pH 7.4, Ar atmosphere) at 25 °C. For detection of nitroaromatic
analytes, linear scan voltammograms were recorded from 0 to −1 V
with a scan rate of 0.01 V s−1. For electrochemical reduction of 1,3,5-
trinitrobenzene (TNB), nitrobenzene (NB), and 2,4,6-trinitrophenol
(TNP, picric acid) aliquots from stock solutions in acetonitrile (for
TNB and NB) or water (for TNP) were added to a buffered aqueous
solution by adjusting the concentration of the nitroaromatic analyte
from 0 to 100 μM. The AFM images were obtained with an atomic
force microscope Bruker diInnova operated in the tapping mode; the
surface roughness was extracted from topography images. The
thicknesses of the films were measured with a surface profilometer
Vecco Dektak 150.

■ RESULTS AND DISCUSSION

The six carbazole-based monomers were purchased from
commercial suppliers or synthesized by us (see the Supporting
Information). In our experiments, monomers with two, three,
and four carbazole substituents have been used: 4,4′-di-
(carbazol-9-yl)-1,1′-biphenyl (CBP), 4,7-di[4-(carbazol-9-yl)-
phenyl]benzo[c]-[1,2,5]thiadiazole (CBPBT), tri[4-(carbazol-
9-yl)phenyl]amine (TCTA), 1,3,5-tri(carbazol-9-yl)benzene
(TCB), 2,2′,7,7′-tetra(carbazol-9-yl)-9,9′-spirobifluorene
(SpCz), and tetra[4-(carbazol-9-yl)phenyl]methane (TPTCz)
(Scheme 1).

Electropolymerization of thiophene-,20,21 pyrrole-,22 and
carbazole-based23,24 monomers has been extensively studied
due to the interesting properties of the resulting conducting
polymer (CP) films, e.g., their electrochromic behavior.25−27

Electrochemical oxidative coupling of carbazole was first
described by Ambrose and Nelson.28 Applying oxidative
potentials, cation radicals are initially generated. Their
dimerization and deprotonation lead to the formation of 3,3′-
carbazole dimers. The initially formed dimers can undergo
further oxidative coupling reactions.
Until now the majority of research into CPs has been focused

on the synthesis of linear polymers. However, three-dimen-
sional networks have been also proposed as attractive targets
for applications in organic electronics devices and sensors.29

For obtaining carbazole-based networks with permanent
microporosity, the use of monomers (tectons) with multiple
carbazole functions that are arranged around a rigid core unit,
as monomers c−f, should be favored.
After initial characterization of the electrochemical behavior

of the monomers by cyclic voltammetry, polymer formation
was carried out by potentiodynamic electrochemical polymer-
ization of a 0.5 mM solution of the monomers in acetonitrile/
dichloromethane (1:4) by using tetrabutylammonium per-
chlorate (0.1 M TBAP) as supporting electrolyte. A three-
electrode cell was used with a platinum disc electrode (1 mm
diameter) as WE, a platinum wire as CE, and Ag°/AgNO3 (0.1
M AgNO3, 0.60 V vs NHE) as RE. Finally, the deposited
polymer films have been again characterized by cyclic
voltammetry.
Figure 1 shows the first oxidation scan for all six monomers.

CBPBT, CBP, and SpCz show a first monomer oxidation peak
around 0.97 V. The peak current ratio of ca. 2.1 between the

Scheme 1. Chemical Structures of the Investigated
Carbazole-Based Monomers: (a) CBP, (b) CBPBT, (c)
TCTA, (d) TCB, (e) SpCz, and (f) TPTCz
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tetra-substituted SpCz and the disubstituted CBP reflects the
doubled amount of oxidizable carbazole moieties of SpCz with
respect to CBP. A similar ratio is observed for the TPTCz/CBP
couple. The low peak current for CBPBT is most probably
caused by the low solubility of this monomer; a concentration
of 0.5 mM could not be reached in the solvent mixture. For the
triphenylamine-cored monomer TCTA, two oxidation peaks at
lower potential (0.62 and 0.77 V) are observed during the first
cyclovoltammetric scan. This is probably due to the formation
of cation radicals and dications of the 1,4-N-substituted
phenylene units.30 The observed shoulder at 1.05 V should
correspond to the “regular” carbazole dimerization that is
observed for the other five monomers within the potential
range of 0.93−1.05 V. Therefore, during subsequent cycling,
more complicated voltammograms are observed for TCTA
monomer if compared to the well-defined voltammograms that
are recorded for the other monomers (see Supporting
Information Figure S1). For the other five monomers, starting
from the second cycle, one couple of reversible oxidation/
reduction peaks is formed in the potential range of 0.5−1.0 V
reflecting two electron transfer steps during charging/
discharging. Repeated sweeps lead to a progressively increasing
peak current, thus reflecting the gradual growth of the MPN
films on the electrode. The thickness of the MPN films can be
precisely controlled by the cycle number. Cyclic voltammo-
grams of a PTPTCz film on Pt for different scan rates between
0.005 and 0.20 V s−1 are depicted in Supporting Information
Figure S2. The observed linear relationship between peak
current ip and scan rate v is characteristic for the formation of
an electroactive polymer deposit on the electrode.20 Prolonged
potentiostatic electrochemical polymerization of the monomers
on ITO allows for the generation of free-standing (TCB, SpCz,
and TPTCz) or easily removable (CBP, CBPBT, and TCTA)
films due to a reduced adhesion between the ITO electrode and
thicker deposits.
Nitrogen gas sorption measurements followed by data

analysis using the BET equation belong to the standard
techniques for estimating the specific surface area of micro-
porous materials.31,32 However, this method is not applicable
for the precise characterization of materials with very low
surface areas or for very small amounts of microporous
materials. A way to overcome this problem is to use krypton gas

which has a low saturation pressure of 2.5 Torr at 77 K.17 For
Kr sorption measurements, the MPN films were discharged
(dedoped) by applying a potential of 0 V, rinsed with
acetonitrile and dichloromethane, removed from the electrode,
and dried. The film generation was repeated until ca. 2 mg of
material was collected.
For comparison, all monomers were also chemically coupled

into bulk MPN powders by oxidative polymerization with
FeCl3. The resulting insoluble powders were purified by
washing with aqueous concentrated hydrochloric acid, meth-
anol, THF, ethanol, and supercritical CO2 and dried. In the gas
sorption measurements, the isotherms show a fast N2 uptake at
low pressure (0−0.1 bar), a behavior that is characteristic of
permanently microporous materials, with isotherms that are a
combination of type I and II behavior31 (Supporting
Information Figure S3). All SBET values are listed in Table 1.

The SBET values of films and bulk samples using Kr or N2 gas,
respectively, show similar trends within the P/P0 range of 0−0.6
(Figure 2). Similar SBET values are observed especially for the
two tetra-substituted monomers. Very interestingly, a direct
relationship between the number of carbazole units of the
monomer and the BET surface area of the films is observed.
This can be explained by an increased rigidity of the MPNs
with increasing cross-linking density, thus leading to an
increased permanent microporosity. An unexpectedly low
SBET value is observed only for PTCTA. The electrochemical
polymerization of monomer TCTA seems problematic due to
the presence of the easily oxidizable 1,4-N-substituted phenyl-
ene units (see Figure 1), thus causing side reactions and a
drastically reduced microporosity of PTCTA. The products
made from the bi- and trifunctional monomers CBP, CBPBT,
and TCB all show SBET values of thin films that are ca. 50% of
the values of the corresponding chemically (FeCl3) synthesized
bulk polymers, most probably caused by a reduced cross-linking
density during electropolymerization with a preference for the
formation of carbazole dimers. Please note that the formation
of insoluble MPN films already for the difunctional monomers
CBP and CBPBT shows that dimerization is not the only
electrochemical process; a certain amount of further couplings
of the initially formed dimers occurs. Chemical polymerization
with FeCl3 may lead to higher cross-linking densities. For the
tetra-functional monomers SpCz and TPTCz the cross-linking
density that is obtained by electropolymerization seems high
enough to create highly microporous films with BET surface
areas in the range of those of the bulk materials, simply as a
result of the high functionality of the monomers.

Figure 1. First anodic scan voltammograms for 0.5 mM solutions of
the monomers and 0.1 M tetrabutylammonium perchlorate in
acetonitrile/dichloromethane (1:4) at a Pt disc electrode. The
voltammograms were recorded from 0 to 1.2 V with a scan rate of
0.10 V s−1.

Table 1. Calculated BET Surface Areas of
Electropolymerized Films and Chemically Synthesized Bulk
MPNs, Using Kr or N2 Gas, Respectively

SBET (m2 g−1)

polymer
no. of carbazole units in

the monomer filma (mean value) bulk

PCBP 2 76/132 (104) 225
PCBPBT 2 105/213 (159) 324
PTCTA 3 227/239/242 (236) 1065
PTCB 3 652/844 (748) 1647
PSpCz 4 1215/1378 (1297) 1249
PTPTCz 4 1067/1051/1201 (1106) 1322

aFilm measurements were carried out at least twice.
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Different meso- and macroporous materials have been used
in modified electrodes for the electrochemical detection of
nitroaromatic compounds33−35 driven by the high surface areas
of the porous materials as well as molecular interactions
between the modified electrodes and the nitroaromatic
analytes. To the best of our knowledge, until now MPN films
have not been tested in the electrochemical detection of
nitroaromatic analytes. Electrochemical studies on the reduc-
tion of nitroaromatic compounds in aqueous medium at pH <
9.6 documented the successive formation of nitroso and
hydroxylamine functions.36 Four electrons are transferred in the
reduction of a nitro to a hydroxylamine group visible as a single
reduction wave.
In our experiments, potentiostatic electrochemical polymer-

ization of the carbazole-based monomers on glassy carbon
(GC) electrodes was carried out as first step. The MPN films
were produced by applying a potential of 1.1 V until an
oxidative charge density of 25.5 mC cm−2 was accumulated. So,
thin films with a comparable amount of electroactive groups are
deposited on the GC electrodes for all monomers (thicknesses
between 750 and 900 nm; see Supporting Information Table S1
and Figure S4). After this, the modified GC electrodes were
electrochemically discharged (dedoped) and introduced as
working electrodes into a three-electrode cell with Ag°/
AgCl(sat.) (NaCl 3M, 0.21 V vs NHE) as aqueous reference
electrode. The MPN-modified GC electrodes were used for
sensing 1,3,5-trinitrobenzene (TNB) as a prototypical nitro-

aromatic analyte in aqueous solution containing 0.2 M KCl and
0.1 M PBS (pH 7.4).
Linear scan voltammograms (LSV) of 0.5 μM aqueous TNB

solutions at MPN-modified and nonmodified GC electrodes are
shown in Figure 3a and Supporting Information Figure S5, after

background correction by subtraction of the reference
voltammogram that was recorded in the absence of TNB.
Three cathodic peaks for the reduction of the three nitro-
substituents of TNB are observed in the voltammograms in the
potential range from −0.31 to −0.81 V. For the nonmodified
GC electrode, the peaks are observed at −0.31 (I), −0.47 (II),
and −0.65 V (III) (see inset of Figure 3a, similar to reported
values37). The modified GC electrodes show slight shifts of the
cathodic potentials dependent on the structure of the
monomers used for MPN generation (Supporting Information
Figure S5). Interestingly, a dramatic enhancement of the
current response is observed for the MPN-modified GC
electrodes, 17−182 times higher than the response for the
nonmodified electrode (see Supporting Information Table S2).
The electrochemical response nicely correlates with the BET
surface area of the MPNs (shown for the intensity of the third
cathodic peak in Figure 3b). The observed effect may be driven
by intermolecular interactions between the high surface of the
electron-rich carbazole-based microporous polymer networks
and the electron-poor nitroaromatic analytes resulting in a thin
adsorbate layer. For mesoporous phorphyrin-based materials

Figure 2. Adsorption isotherms of (a) electropolymerized MPN films
and (b) the corresponding bulk polymers made by oxidative coupling
with FeCl3, using Kr or N2 gas, respectively.

Figure 3. (a) Linear scan voltammograms (after background
correction) for nonmodified (inset) and PTPTCz-modified GC
electrodes for a TNB concentration of 0.5 μM, and (b) correlation
of the current ratios between modified and nonmodified GC
electrodes of the third cathodic reduction peak of TNB versus the
surface area of the MPN films (scan rate was 0.01 V s−1).
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the occurrence of π−π interactions with NACs has been
postulated.38,39 Our results are also consistent with such an
assumption due to the correlation between the surface area of
the MPN films and the electrochemical response. The best
results are obtained for coatings based on the tetracarbazolyl-
substituted monomers that show the highest specific surface
areas. PTPTCz-modified GC electrodes show a current ratio of
182 between modified and nonmodified GC electrodes, thus
significantly boosting the sensitivity of the electrodes for
electrochemical TNB sensing (see Supporting Information
Figure S6).
To extract more information about the mechanism of the

process, the electrochemical reduction of nitroaromatic analytes
at PTPTCz-modified GC electrodes was investigated by linear
scan voltammetry at different scan rates. First, Figure 4a shows
linear scan voltammograms for 3 μM nitrobenzene (NB) as
analyte and scan rates from 0.005 to 0.30 V s−1. For low scan
rates (<0.075 V s−1) a negatively shifted asymmetrical wave is
observed, characteristic for the irreversible reduction of
adsorbed molecules.40 This behavior is less pronounced for
higher scan rates (>0.075 V s−1). Moreover, there is a linear
dependence between cathodic peak current and scan rate for
low scan rates, as expected for the formation of an adsorbed
analyte layer, but a square root dependence for higher scan
rates (see Figure 4b). These findings can be interpreted as
follows: At low scan rates, the nitrobenzene molecules form a
thin adsorbate layer at the MPN surface; an adsorption-
controlled process is observed. With increasing scan rate the
electron-transfer process becomes diffusion-controlled; since
the transport of the nitrobenzene molecules is now the limiting
process, the current is now proportional to the square root of
the scan rate.
Notably, similar results are also obtained for TNB (Figure

4c,d) and 2,4,6-trinitrophenol (TNP) (Supporting Information
Figure S7) independent of their very different solubility in

water. For comparison, similar experiments for nonmodified
GC electrodes show the expected linear relationship between
peak current and the square root of the scan rate for NB, TNB,
and TNP in the scan rate range from 0.01 to 0.4 V s−1 (see
Supporting Information Figure S8). The obtained linearity
indicates a diffusion-controlled process. Regardless of the much
higher concentration of the analytes (100 μM) in the
experiments with nonmodified GC electrodes (concentration
for PTPTCz-modified GC electrodes ≤ 3 μM), a higher peak
current is observed for the modified electrodes for all
nitroaromatic analytes.

■ CONCLUSIONS

In summary, electrochemical polymerization of a series of
carbazole-based multifunctional monomers resulted in the
generation of microporous polymer networks (MPNs) as thin
films with high surface areas up to 1300 m2g−1. The observed
porosity is directly related to the number of carbazole units of
the monomers. MPN-modified glassy carbon electrodes were
successfully used for the electrochemical detection of 1,3,5-
trinitrobenzene as prototypical nitroaromatic analyte in
aqueous solution, resulting in a distinct enhancement of the
cathodic current response by up to 2 orders of magnitude for
the best performing microporous polymer network. The
electrochemical reduction of the nitroaromatic analytes was
found to be an adsorption-controlled process for low scan rates
but becomes diffusion-controlled for higher scan rates. Our
studies demonstrate a high application perspective of electro-
polymerized carbazole-based MPN films for the electro-
chemical sensing of nitroaromatic analytes. Following studies
will be focused on a more detailed investigation of the detection
scheme, also toward other nitroaromatic explosives and
nitroamines.

Figure 4. Linear scan voltammograms on PTPTCz-modified GC electrodes for 3.0 μM (a) nitrobenzene (NB) and (c) 1,3,5-trinitrobenzene (TNB)
in aqueous 0.2 M KCl and 0.1 M PBS (pH 7.4) solution at scan rates of (a) 0.005−0.075 V s−1 (inset: 0.075−0.30 V s−1) and (c) 0.10−0.40 V s−1.
Cathodic peak current vs scan rate plots for (b) NB and (d) TNB: linear dependence (red lines) and square root dependence (black lines).
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