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Abstract: Conjugated microporous polymers (CMPs), in
which rigid building blocks form robust networks, are usually
synthesized as insoluble and unprocessable powders. We
developed a methodology using electropolymerization for the
synthesis of thin CMP films. The thickness of these films is
synthetically controllable, ranging from nanometers to micro-
meters, and they are obtained on substrates or as freestanding
films. The CMP films combine a number of striking physical
properties, including high porosity, extended 7w conjugation,
facilitated exciton delocalization, and high-rate electron trans-
fer. We explored the CMP films as versatile platforms for
highly sensitive and label-free chemo- and biosensing of
electron-rich and electron-poor arenes, metal ions, dopamine,
and hypochloroic acid, featuring rapid response, excellent
selectivity, and robust reusability.

Conjugated microporous polymers (CMPs) are a class of
organic porous polymers that inherently combine m-conju-
gated skeletons with permanent nanopores, in sharp contrast
to other porous materials that are not m-conjugated and
conventional conjugated polymers that are nonporous.!'* As
an emerging materials platform, CMPs feature a high flexi-
bility in molecular design of conjugated skeletons and nano-
pores. Because of high surface areas and the microporous
character, CMPs have emerged as a new class of porous
materials for gas adsorption and storage.'” The pores are
accessible to various guest molecules and metal ions, which
allow the construction of supramolecular structures and
organic-inorganic hybrids."*! Significantly, CMPs allow the
complementary utilization of w conjugation and porosity to
explore novel functions and have shown their high potential
in the challenging of energy and environmental issues, as
exemplified by their excellent performances in superabsorp-
tion,*" light emitting,>*¢ chemosensing,® light harvest-

ing,*¥ catalysis,[">**< and electric energy storage.**¥
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However, CMPs are usually obtained as powders, they are
insoluble in any solvents, and it is difficult to obtain thin films
of them.'""! A few approaches, including surface-initiated
growing,“ layer-by-layer crosslinking,*"! and hyperbranched
structuring,*! have been reported to fabricate CMP films.
However, these methods are tedious with regard to synthesis
and structural control; the films thus prepared are nonporous.
The development of a methodology for the synthesis of thin
films with retained = conjugation and porosity is highly
desired for the further advancement, but remains a substantial
challenge.™ The difficulty to process CMPs hampers their
applications in organic electronics; processability and device
integration are highlighted as bottleneck issues of “para-
mount importance” in recent reviews of the CMP field.!"**
Herein, we report an electrochemical approach to the syn-
thesis of CMP films. Our CMP films combine intriguing
physical properties, including extended i conjugation, facili-
tated exciton delocalization, and high porosity. We highlight
that this methodology allows the control of thickness, size,
and shape of the films, and affords freestanding thin films. To
demonstrate the utility, we prepared photoactive CMP films,
which are luminescent and exhibit fluorescence on/off chemo-
and biosensing with rapid response, sensitivity, selectivity, and
reusability.

We fabricated our CMP films using electropolymerization
with concurrent polymer film deposition (Supporting Infor-
mation), which has been proven to be an especially useful
method for the preparation of electroactive and conducting
polymer films.”! Generally, in this method, the precursors are
oxidized electrochemically and the coupling reaction between
the precursors occurs at the electrode surface with deposition
of the crosslinked polymer network film onto the electrode.
We synthesized the CMP precursor TPBCz, which bears
a 1,3,5-triphenylbenzene focal core with three N-substituted
carbazole groups at the periphery (Scheme 1a). The N-
substituted carbazole is well established as a highly electro-
active compound, which has a relatively low oxidative
potential. It enables the effective coupling reaction between
its oxidative species (radical carbazyl cation) and produces
only dimers.”) These unique characteristics allow the precise
control of the structure and properties of resulting CMP films.
TPBCz with its triangular, twisted, and rigid focal structure
was designed to bear three N-substituted carbazole groups
linked in a C; geometry, which upon electrochemical reaction
guarantee the growth of thin films with a three-dimensional
conjugated network, high porosity, and uniform pore distri-
bution.

The TPBCz-CMP films were fabricated by multicycle
cyclic voltammetry (CV) of TPBCz (1.25 x 107 M) in a mixture
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Scheme 1. a) Schematic representation of the electrochemical synthe-
sis of TPBCz-CMP films. b) Elementary pore of the film. Photos of ¢) a
film on an ITO substrate (0.5x 1.5 cm?), d) the film under UV light,
and e) a 100 nm thick freestanding film (0.5x1 cm?) in acetonitrile.
Scale bars: 0.5 cm.

of acetonitrile and water (3/2 v/v) containing LiClO, as
electrolyte in a potential range from —0.8 to 0.7 V at room
temperature (Supporting Information). In the first cycle of
the positive CV scan, the onset oxidative potential of TPBCz
appeared at 0.64 V, which was attributed to the oxidation of
carbazole (Figure 1a).! At a scan potential of higher than
0.64 V, the anode current increased rapidly, indicating more
carbazoles were oxidized. Previous studies have shown that
upon oxidation, N-substituted carbazole transforms into the
cationic radical, which effectively couples with another
cationic radical to form a dimeric carbazole cation.>”
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Figure 1. CV profiles of a) the 1st cycle and b) the 1st to 10th cycle of
a solution of TPBCz in acetonitrile/water (3/2 v/v) in the presence of
LiClO, as electrolyte at 25°C.
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During the negative scan, an obvious reductive peak was
observed at a potential of 0.63 V, which can be assigned to the
reduction of dimeric carbazole cations. In the second cycle of
a continuous CV scan (shown in Figure 1b), a new oxidative
band appears at 0.60 V, which is due to the oxidation of
dimeric carbazoles on the electrode.®” A distinct feature is
that the current increases with the number of cycles, thus
demonstrating the gradual growth of the TPBCz-CMP film on
the electrode (Figure 1b). After ten CV cycles, the CMP films
are transparent and exhibit a light-blue color (Scheme 1c).
The high reactivity and efficient coupling reaction of carba-
zoles are key to the synthesis of structurally well-defined
CMP films, which are further studied by the following
experimental investigations. First, the electronic absorption
and infrared spectral analysis showed that the films are free of
monomeric carbazole units (Figures S1 and S2 in the Sup-
porting Information). Second, the films are insoluble in
organic solvents irrespective of polarity, which clearly reflects
their highly crosslinked structure, in contrast to TPBCz, which
is highly soluble in organic solvents such as acetonitrile
(>50 mgmL™).

The thickness of CMP films can be precisely controlled by
the numbers of scan cycles, with each cycle producing
approximately 2.5 nm of film thickness using an oxidative
potential of 0.7 V (Figure S3). By employing this technique,
we prepared a series of films with thicknesses ranging from
several nanometers to several micrometers. When the thick-
ness became larger than 50 nm, the films could automatically
peel off the electrode to give freestanding CMP films
(Scheme 1e). The freestanding films only grew on the
electrode and were of the same size and shape as the
employed electrodes; in our studies, films with a size of up to
0.5 x 1.5 cm® were produced. The present method produces
high quality films either on electrodes or in a freestanding
form, with synthetically controlled thickness, size, and shape.
We conducted Kr sorption isotherm measurements and found
that these CMP films are highly porous and have a Brunauer-
Emmett-Teller surface area of as high as 1450 m*g~" (Fig-
ure S4a). The thickness of the CMP films used for Kr sorption
measurements was about 1 um, which corresponds to a mass
of 120 pg (two films on ITO (indium tin oxide)). We measured
the Kr sorption curves for four lots of samples to assure the
reproducibility. On the other hand, the BET surface area of
a bulk CMP sample prepared through oxidation polymeri-
zation in solution was much lower with only 135m’g™!
(Figure S4b). High-resolution transmission electron micros-
copy supports the porous texture of the films (Figure S5).

A spin-coated film of TPBCz monomers exhibited an
absorption band at 338 nm, assignable to the t—* transition
of the triphenylbenzene focal unit, and a band at 288 nm,
assignable to the m—um* transition of the N-substituted
carbazole group (Figure S1). In the TPBCz-CMP films, the
dimeric carbazole unit displayed an absorption band at
300 nm, which is 12 nm red-shifted compared to the spin-
coated TPBCz film, and features a greatly enhanced absorp-
tion coefficiency. In this case, the band resulting from the
focal triphenylbenzene unit was superimposed by the broad
band resulting from the carbazole dimers. These results
indicate an extended & conjugation in the CMP films. Upon
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excitation at 340 nm, the CMP film emitted a deep-blue
luminescence (Scheme 1d) with two peaks at 374 and 399 nm,
respectively (Figure S6). The absolute fluorescence quantum
yield is 10%. In contrast, the spin-coated TPBCz film gave
a fluorescence spectrum similar to that of the CMP film, but
its fluorescence quantum yield is only 1%. The network
structure in the CMP film greatly enhances the light-emitting
activity.’? Since the CMP film allows an extended m conju-
gation, we further investigated the fluorescence depolariza-
tion profiles of the CMP films, which are considered to reflect
the occurrence of photochemical events in the microporous
network. The suppression of Brownian motion in a viscous
medium should result in fluorescence depolarization occur-
ring predominantly by exciton migration along the conjugated
chain. The TPBCz monomer showed a fluorescence depola-
rization value of 0.044 in poly(ethylene glycol) (Figure S7). In
contrast, the CMP film exhibited a significantly depolarized
fluorescence with an extremely low depolarization value of
0.002. This observation demonstrates that the CMP film
facilitates exciton migration over the network, which endows
the film with a collective response, a key factor to enhance the
sensitivity.

Chemosensing experiments were conducted by exposing
CMP films to arene vapors for specific periods of time at 25°C
followed by monitoring with fluorescence spectroscopy. The
air was not removed from the micropores of the CMP films
prior to their exposure to arene vapors. We first investigated
the effect of the thickness of CMP films on the chemosensing
properties. As shown in Figure S8, the CMP film with
a thickness of 10 nm exhibited the best performance. For
each chemosensing experiment, several individual CMP films
with a thickness of 10 nm were used in parallel experiments,
and the results showed excellent reproducibility.

The CMP films are extremely sensitive to arenes, as shown
in Figures 2 and S9. For example, upon exposure to the vapor
of benzonitrile (BN) for only 20 s, the fluorescence of the
CMP films was significantly quenched (Figure 2 a, black line),
and only 33% of the intensity of the pristine CMP film
remained. As the exposure time was prolonged, further
quenching was observed, and the fluorescence gradually
settled at 20% of its original intensity. Interestingly, the
fluorescence-off chemosensing was not specific to BN, but
was widely applicable to other electron-deficient arenes. The
CMP films exhibited an enhanced response to 1,2-dinitro-
benzene (DNB) with 75 % of the fluorescence quenched upon
exposure for 20 s (Figure 2a, red line). Notably, 87 % of the
fluorescence was quenched upon exposure to hexafluoroben-
zene (HFB) for 20 s (Figure 2 a, blue line). The most explicit
quenching of fluorescence was observed with 1,4-benzoqui-
none (BQ). A 20s exposure resulted in a 92% loss of
fluorescence (Figure 2a, green line and photos). After 120 s
exposure, the fluorescence of CMP films was completely
quenched. The degree of fluorescence quenching is in good
agreement with the trend in the lowest unoccupied molecular
orbital (LUMO) of arenes, as a result of an enhanced driving
force for photoinduced electron transfer from the CMP films
to arenes.’! Therefore, a lower LUMO energy level gives
a higher detection sensitivity. In contrast, spin-coated TPBCz
films, which are nonporous and do not have an extended
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Figure 2. a) Normalized fluorescence intensity of the CMP films upon
exposure to vapors of benzonitrile (BN, black line), 1,2-dinitrobenzene
(DNB, red line), hexafluorobenzene (HFB, blue line), and 1,4-benzo-
quinone (BQ, green line) for different periods of time. Photos:
fluorescence quenching by BQ vapor. b) Enhancement of fluorescence
intensity of the CMP films upon exposure to vapors of toluene (black
line), benzene (blue line), and cholorobenzene (CB, red line) for
different periods of time. Photos: enhancement of fluorescence
intensity upon exposure to CB vapor.

7t conjugation, exhibited a maximum quenching percentage of
only 43% after 120 s exposure under otherwise identical
conditions (Figure S10). These results indicate that the
function of the CMP films is multifold: the extended m-
conjugation network allows exciton migration, the porous
skeleton provides a broad interface for electron transfer, and
the micropores hold the arene molecules. These features
cooperate to facilitate the signaling process and improve the
response. The CMP films offer a practical platform for
fabricating chemosensors, which feature a precisely con-
trolled structure and a simple fabrication process together
with excellent reproducibility and high performance.

The CMP films are also sensitive to electron-rich arenes.
In contrast to electron-deficient arenes that quench fluores-
cence, electron-rich arenes enhanced the fluorescence inten-
sity of the CMP films, thus allowing fluorescence-on sensing
(Figure S11). For example, upon exposure to toluene vapor
for 20 s, the fluorescence intensity of the CMP films increased
by 20% (Figure 2b, black line). As the exposure time was
prolonged, further enhancement was observed, whereas the
fluorescence intensity reached a 46 % increment upon 120 s
exposure. Similarly, benzene vapor triggered a 59 % enhance-
ment on 120 s exposure (Figure 2b, red line). Remarkably,
upon exposure to chlorobenzene (CB) vapor, the fluores-
cence intensity was increased by 81 % in 20 s, and by 122 % in
120 s (Figure 2b, blue line and inset). In contrast, spin-coated
TPBCz films exhibited a very limited change in fluorescence
intensity with only 19% enhancement for CB after 120 s
exposure under otherwise identical conditions (Figure S12).
The flow of electrons of arenes to the conduction band of
TPBCz-CMP enhances the fluorescence intensity, as
observed for bulk CMP solids.""

Time-resolved fluorescence spectroscopy was utilized to
investigate the kinetics of electron transfer. The CMP film
exhibited a fluorescence lifetime (z,) of 3.25 ns, which was
decreased to 1.03 and 1.86 ns (7p,) upon exposure to BQ or
CB vapor for 20s, respectively (Figure 3a, Table S1). The
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Figure 3. a) Fluorescence-decay profiles of the original CMP film
(purple) and the films upon exposure to BQ (red curve), CB (blue
curve), and Fe’™ (green curve). The black curve represents the IRF
(instrument response function) profile. Cycling test of the CMP films
upon 20 s exposure to vapors of b) BQ and c) CB.

pseudo-first-order rate constant of electron transfer from the
film to BQ or from CB to the film was estimated to be 6.63 x
10% or 2.30 x 10° s, respectively, by using 7p, '-7,"'. On the
other hand, the lifetime of spin-coated TPBCz film was
decreased from 4.65 to 3.32 or 3.79 ns, on contact with BQ or
CB vapor for 20s (Figure S13). The electron-transfer rate
constants from the TPBCz film to BQ and from CB to the film
were 8.62 x 10" and 4.88 x 10" s !, respectively. Therefore, the
electron transfer of the CMP films is much faster than that of
the monomer films.

The CMP films can be used repetitively. For example,
upon exposure to BQ vapor for 20 s, the CMP film exhibited
the same degree of fluorescence quenching after each cycle,
and the fluorescence intensity recovered to a similar level
when the BQ vapor was removed (Figure 3b). The CMP films
exhibited a similar degree of the enhancement in fluorescence
intensity upon repetitive exposure to CB vapor for 20 s in the
cycling test (Figure 3¢). Because of their highly crosslinked
network skeletons, the CMP films achieve outstanding
stability and can be used repetitively, while retaining a high
sensitivity and rapid response.

The carbazole groups in the CMP films can be oxidized
chemically or electrochemically, providing a possibility for
sensing redox-active ions. For instance, Fe*!, an essential ion
in biological systems, has a standard electrode potential of
077V (EFC(IH),Fc(H)),[S“] which is higher than the oxidative
potential of dimeric carbazoles (0.6 V) in our CMP films. We
found that when the CMP films were immersed in an aqueous
Fe** solution, the dimeric carbazoles in the CMP films were
oxidized to form cations, which quenched the fluorescence of
the CMP films. Based on this result, the CMP films were
utilized to detect different concentrations of Fe’" (Fig-
ure S14). As shown in Figure 4a, when the CMP films were
immersed for 20's in aqueous solutions of Fe*"
trations ranging from 107 to 1075M, the degree of fluores-
cence quenching exceeded 90 % . Remarkably, as the concen-

in concen-
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Figure 4. a) Normalized fluorescence intensity of the CMP films upon
immersion in aqueous solutions of Fe** at different concentrations
(107% to 107®m) for different periods of time. b) Degree of fluorescence
quenching of the CMP films upon 60 s immersion in aqueous
solutions of different metal ions (107*m). Red bars are for Fe**, Ag™,
and Co®*. Normalized fluorescence intensity of the CMP films upon
immersion in saline solutions of c) dopamine and d) HOCI at different
concentrations for different periods of time. Recycle test of the CMP
films for biosensing saline solutions (107¥m) of e) dopamine and

f) HOCI.

tration of Fe** decreased to 107 and 10" M, over 80 % of the
fluorescence was quenched. Even when the Fe* concentra-
tion was decreased to 10°M, the degree of fluorescence
quenching was as high as 50%. The CMP films with such
a high sensitivity for reporting Fe*" outperform other Fe**
chemosensors thus far reported.””’ In contrast, the spin-coated
TPBCz films exhibited a low sensitivity for Fe*" by showing
a degree of fluorescence quenching of only 41% when
immersed in a 107> M solution for 60 s (Figure S15). The rate
constant of electron transfer from the CMP film to Fe*" was
5.85x10% s (Figure 3a).

We further investigated the scope of ion species that can
be sensed (Figure S16). Compared to Fe*" ions, the CMP films
exhibited low sensitivity and torpid response to other non-
oxidative metal ions (Figure 4b). For example, the fluores-
cence was slightly quenched with a degree of only 17 % when
immersed for 60s in an aqueous solution of Fe*' with
a concentration of 10™*m. Similarly, the CMP films are not
sensitive to other transition metals, such as Co®*, Cu**, and
Ni**. As for alkali metal ions, we examined K*, Ca*!, and
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Mg**, which could not effectively quench the fluorescence of
the CMP films.

To investigate whether the CMP films are sensitive to
other oxidative metal ions, we conducted sensing experiments
with Ag" and Co*", which are known as oxidative metal
species. The CMP films exhibited a significant fluorescence
quenching when exposed to an aqueous solution of Ag*
(10*m) for only 60s (Figure S16h). A more sensitive
quenching was observed with Co*'; the fluorescence of the
films was quenched almost completely (Figure S16i). The
degree of fluorescence quenching was 36 % and 96 % for Ag"
and Co®", respectively (Figure 4b). These results clearly
demonstrate that the CMP films are responsive to oxidative
metal ions, such as Fe*, Co®", and Ag" (Figure 4b).

The reported chemosensors for the detection of metal ions
usually utilize probe molecules that coordinate with metal
ions to cause spectral change."” However, such methods
suffer from the interference of other transition-metal ions, "
such as Ni**, Co?*, Cu’**, and Fe?*. To show the difference, we
further examined the chemosensing of a mixture of Fe* and
Co** (each 107"m) using the CMP film (Figure S17), which
exhibited a high degree of fluorescence quenching, as
observed for a solution of Fe’'. Even in the case of
a physiological saline solution containing Fe*" (107" m), the
CMP film displayed a high sensitivity and quick response
(Figure S18). Because of less interference, the CMP films are
promising for real-time biosensing of oxidative ion species.!'!]
The CMP films were recyclable for Fe*" sensing (Figure S19)
by immersion into a solution of NaBH,, which can reduce the
dimeric carbazyl cations to their neutral states and recover
the fluorescence.

Dopamine (DA, 3,4-dihydroxyphenethylamine) is an
important neurotransmitter,">'¥ and malfunction of DA-
responsive neurons has been implicated in a number of
diseases, including Parkinson’s disease. This has sparked
significant interest for the development of detection methods
for DA. However, the low sensitivity and complexity of
various analytical methods, such as electrochemical tech-
niques and HPLC, make it a great challenge to provide
technically simple and label-free DA detection. We found that
the electron-donating CMP films serve as a new type of
sensors, featuring high sensitivity and label-free detection of
DA as a result of high-rate electron transfer (Figure S20).
When the CMP films were immersed in the saline solutions of
DA with a concentration of 10~ and 10~°m for only 20 s, the
fluorescence was quenched by 90% and 80 %, respectively
(Figure 4c, black and blue dots). The DA concentration could
be decreased to 10~*M (red dot), upon which the fluorescence
of the film was quenched to 50 % after only 20 s exposure.
This high sensitivity makes our CMP films superior to other
DA sensors thus far reported. The fluorescence decay profiles
revealed that the rate constant of the electron transfer from
the CMP film to DA is as high as 3.8 x 10®s™! (Figure S21).

Hypochlorous acid (HOCI) is a highly active antibacterial
agent and a key compound involved in biological defence.!'*
Because the dimeric carbazole units can be oxidized by
HOCI, the CMP films can serve as an outstanding sensor for
HOCI (Figure S22). When the CMP films were immersed in
the saline solutions of HOCI with a concentration of 10~®m for
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only 20s, the fluorescence of the films was completely
quenched (Figure 4d, black dots). Remarkably, even when
the HOCI concentration was decreased to as low as 10~ M, the
quenching degree still exceeded 90% (red dots). The excep-
tionally sensitive fluorescence quenching is beyond the
photon-counting instrument for a fluorescence decay mea-
surement. The CMP films are recyclable for biosensing DA
and HOCI. By rinsing with a NaBH, solution and deionized
water, the films recovered the fluorescence and were reused
for sensing (Figure 4e,f).

In summary, we have developed an electrochemical
approach for the controlled synthesis of thin films of
conjugated microporous polymers. The thickness of the
CMP films can be synthetically controlled, and the films can
be obtained on substrates or as freestanding films. The films
are unique in that they are porous, possess extended
7 conjugation, allow exciton delocalization over the skele-
tons, and enable high-rate electron transfer. Because of these
features, we developed the CMP films as versatile platforms
for chemo- and biosensing. The CMP sensors feature
excellent selectivity, rapid response, and high sensitivity,
discriminate electron-rich and electron-poor arenes through
fluorescence on/off sensing, and selectively detect oxidative
ions by redox-induced fluorescence quenching. The films
function as label-free sensors for the highly sensitive detec-
tion of biologically important dopamine and HOCI species.
Given the structural diversity and flexibility of CMPs, we
anticipate the emergence of an exciting field in designing
CMP films, which would significantly expand the potential of
CMPs for applications.
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