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We synthesized a diindolocarbazole monomer for the

ABSTRACT: Conjugated polymers are attractive materi- construction of TCB-CMP, a carbazole-based CMP (Chart
als for the detection of chemicals because of their 1A), through the Yamamoto reaction [see the Supporting
remarkable 7-conjugation and photoluminescence proper-

ties. In this article, we report a new strategy for the Chart 1. Schematic Representations of (A) the Carbazole-
construction of molecular detection systems with con- Based CMP (TCB-CMP) and the Linear Polymer Analogue
jugated microporous polymers (CMPs). The condensation CB-LP and (B) the Elementary Pore Skeleton of TCB-CMP
of a carbazole derivative, TCB, leads to the synthesis of a Containing TCB Units

conjugated microporous polymer (TCB-CMP) that
exhibits blue luminescence and possesses a large surface
area. Compared with a linear polymer analogue, TCB-
CMP showed enhanced detection sensitivity and allowed
for the rapid detection of arenes upon exposure to their
vapors. TCB-CMP displayed prominent fluorescence
enhancement in the presence of electron-rich arene vapors
and drastic fluorescence quenching in the presence of
electron-deficient arene vapors, and it could be reused
without a loss of sensitivity and responsiveness. These !
characteristics are attributed to the microporous con-
jugated network of the material. Specifically, the micro-
pores absorb arene molecules into the confined space of oo
the polymer, the skeleton possesses a large surface area
and provides a broad interface for arenes, and the network
architecture facilitates exciton migration over the frame-
work. These structural features function cooperatively,
enhancing the signaling activity of TCB-CMP in
fluorescence-on and fluorescence-off detection.

TCB-CMP

Information (SI)]. Polymeric carbazole derivatives have been
developed as fluorescent platforms for detecting explosives.” As
a control, we also prepared CB-LP, a linear conjugated
analogue with a polycarbazole chain (Chart 1A). TCB-CMP
was characterized by Fourier transform IR spectroscopy,
elemental analysis, and "*C cross-polarization/magic-angle-
spinning (CP/MAS) NMR spectroscopy (Figures S1 and S2
in the SI). Field-emission scanning electron microscopy (FE-
SEM) images showed that TCB-CMP adopted a flake
morphology with a size of 200—500 nm. High-resolution
transmission electron microscopy (HR-TEM) revealed the
presence of a porous texture, and pore sizes less than 2 nm
were observed. One of the most significant features of this

C onjugated polymers are fascinating materials with 7-
conjugation and light-emitting properties that allow for
the detection of various chemicals."” Specific sites that interact
with target compounds can be introduced into conjugated
chains to enhance the interaction interface and improve the

signaling activity. Conjugated microporous polymers (CMPs) novel material is its homogeneous pore distribution (Figure
are a class of porous polymers with a conjugated network 1B). X-ray diffraction measurements did not produce any
structure.>™® In this context, CMPs are attractive candidates signals, indicating that TCB-CMP is an amorphous polymer
because they possess large surface areas and provide a broad (Figure S3).

interface for analyte interaction. Nevertheless, until now, CMPs TCB-CMP exhibited type-I N, sorption isotherms, which are
that enable the detection of chemicals have not been indicative of a microporous structure (Figure 2A). The
synthesized. Herein we report the first example of a Brunauer—Emmett—Teller (BET) surface area and pore
chemosensing CMP and highlight the cooperative nature of volume were calculated to be 1280 m* g™’ and 0.923 cm’
its structure features, which allow the material to achieve rapid

response times and dramatically enhanced detection sensitiv- Received: January 10, 2012
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Figure 1. (A) FE-SEM and (B) HR-TEM images of TCB-CMP.
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Figure 2. (A) N, sorption isotherm measured at 77 K and (B) pore
width distribution profile of TCB-CMP.

g~!, respectively. The micropore distribution pattern was

determined using the Saito—Flory method. The pore size was
0.8—1.5 nm (Figure 2B), which is reasonable considering the
presence of a cross-linked network and the elementary pore
skeleton of TCB-CMP (Chart 1B). Therefore, the Yamamoto
reaction can be used to synthesize high-surface-area micro-
porous polymers with pores that are open and accessible to
external molecules.

TCB-CMP exhibited an absorption band at 384 nm (Figure
3A, dotted red curve), which is red-shifted from that of TCB by
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Figure 3. (A) Electronic absorption (dotted curves) and fluorescence
spectra (solid curves) of TCB-CMP (red) and CB-LP (black)
powders. (B) Images of TCB-CMP and CB-LP (left) in PEG and
(right) under a UV lamp. (C) Fluorescence microscopy images of
solid samples of TCB-CMP and CB-LP.

20 nm. TCB-CMP displayed blue luminescence (Figure 3B,C),
and an emission band was observed at 468 nm with a quantum
yield of 10% (Figure 34, solid red curve) upon excitation at 368
nm. In contrast, CB-LP displayed an absorption band at 363
nm (Figure 34, dotted black curve) and emitted luminescence
at 445 nm with a quantum yield of 0.6% (Figure 34, solid black
curve; Figure 3B,C). Because the CMP network allows for
extended electronic conjugation, we investigated the fluores-
cence depolarization profile of TCB-CMP, which reflects the
occurrence of photochemical events in microporous networks.
The suppression of Brownian motion in a viscous medium
results in fluorescence depolarization, which occurs predom-
inantly by exciton migration along the conjugated chain. Here,
the degree of fluorescence depolarization (p) is defined as p =
(Iy = GI)/(Iy + GI,), where I; and I, are the fluorescence
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intensities of the parallel and perpendicular components
relative to the polarity of the excitation light, respectively,
and G is an instrumental correction factor. Excitation at the
absorption maximum of viscous of TCB-CMP in poly(ethylene
glycol) (PEG) at 25 °C (images are shown in Figure 3B) led to
fluorescence depolarization, and the value of p was only 0.0018.
In contrast, the linear polymer CB-LP exhibited a higher p
value of 0.062. Therefore, the CMP architecture was
significantly different from a linear chain structure, facilitating
exciton migration over the three-dimensional network.
Sensing experiments were conducted by exposing thin-layer
samples of TCB-CMP to arene vapors for specific periods of
time at 25 °C and then performing fluorescence spectroscopy
(Figure S4A—H). Prior to exposure to arene vapor, no
pretreatment was performed to remove air from the micropores
of the material. The results showed that TCB-CMP is quite
sensitive to arenes. For example, upon exposure to the vapor of
2,4-dinitrotoluene (DNT) for only 20 s, the fluorescence of
TCB-CMP was significantly quenched (Figure 44, red circles),
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Figure 4. Loss of fluorescence intensity of TCB-CMP (red @) and
CB-LP (blue @) at 25 °C upon exposure to vapors of (A) DNT, (B)
NT, (C) NB, and (D) BQ. (E, F) Stern—Volmer plots of (E) TCB-
CMP and (F) CB-LP upon titration with various arenes (red, DNT;
blue, NB; green, BQ; black, NT) in acetonitrile. Inset in (C):
luminescence images of TCB-CMP in the presence and absence of NB
under a hand-held UV lamp.

and only 60% of the intensity of pristine TCB-CMP remained.
As the exposure time was prolonged, further quenching was
observed, and the fluorescence gradually saturated at 40% of
the original intensity. In view of the fact that DNT has a quite
low vapor pressure, it is interesting that TCB-CMP shows a
high sensitivity to DNT. Under identical conditions, the linear
analogue CB-LP showed a low degree of quenching, and the
maximum quenching percentage was only 10% (Figure 44, blue
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circles). Interestingly, the fluorescence-off sensing behavior was
not specific to DNT but was also applicable to other electron-
deficient arenes. TCB-CMP exhibited an enhanced response to
2-nitrotoluene (NT), and 60% of the fluorescence was
quenched upon exposure to NT for 20 s (Figure 4B, red
circles). In contrast, the fluorescence quenching was only 30%
for CB-LP (Figure 4B, blue circles). Notably, 80% of the
fluorescence of TCB-CMP was quenched upon exposure to
nitrobenzene (NB) for only 10 s (Figure 4C, red circles and
inset). Significant fluorescence quenching was also observed for
1,4-benzoquinone (BQ). In particular, 10 s of exposure
produced an 80% loss of fluorescence (Figure 4D, red circles).
After only 90 s of exposure, the fluorescence of TCB-CMP was
completely quenched. In contrast, CB-LP exhibited a low
degree of quenching, and longer exposure times were required
to quench the fluorescence (Figure 4D, blue circles). These
results indicate that the microporous architecture facilitates the
sensing process and improves the response to the arenes.

To gain insight into the fluorescence quenching process,
TCB-CMP was titrated with various arenes in acetonitrile at 25
°C. As shown in Figure 4E, the fluorescence intensity of TCB-
CMP decreased linearly with an increase in the arene
concentration because of photoinduced electron transfer from
TCB-CMP to the arene. The Stern—Volmer constant, Ky, was
1.9 x 10° M for NT and increased to 2.6 X 10° 3.1 X 10°
and 5.9 X 10° M™' for BQ, NB, and DNT, respectively. This
general trend is in good agreement with the trend in reduction
potentials of nitro-substituted arenes. However, the observed
trend for the degree of fluorescence quenching by arene vapors
was different from that for the K, values. Because the sensing
of arene vapors depends on two analyte characteristics, namely,
the reduction potential and the vapor pressure, this observation
could be attributed to the differences in the saturated vapor
pressures of the studied arenes (Table S1 in the SI). Arenes
with a large K, and a high vapor pressure can be detected with
high sensitivity. Alternatively, the linear analogue CB-LP gave
low Kgy values of only 2.3 X 10% 3.3 X 10% 4.1 X 10? and 8.8 X
10> M™! for NT, BQ, NB, and DNT, respectively. Thus, TCB-
CMP allows for efficient electron transfer to electron-deficient
arenes, which enhances the detection sensitivity. These results
indicate that the function of the CMP architecture is multifold:
the extended 7z-conjugation network allows exciton migration,
the high-surface-area skeleton provides a broad interface for
electron transfer, and the micropores hold the arene molecules
in a confined space. These features cooperate to facilitate the
signaling process and improve the response.

As in the case of electron-deficient arenes, the microporous
skeleton of TCB-CMP is accessible to electron-rich arenes.
Interestingly, however, in contrast to electron-deficient arenes,
which induced fluorescence quenching, the presence of
electron-rich arenes enhanced the TCB-CMP fluorescence
intensity (Figure S4I-P). For example, upon exposure to
chlorobenzene vapor for 20 s, the fluorescence intensity of
TCB-CMP increased by 78% (Figure SA, red circles), which
was significantly greater than the increase for CB-LP (18%, blue
circles). Similarly, mesitylene vapor caused a 79% enhancement
in the fluorescence intensity of TCB-CMP (Figure SB, red
circles). The quick response and rapid saturation of the
fluorescence intensity indicated that the porous network is
extremely sensitive to these arenes. Remarkably, upon exposure
to benzene vapor for 20 s, the fluorescence intensity of TCB-
CMP nearly doubled (Figure SC, red circles). The most explicit
enhancement was observed for toluene vapor, which induced a
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Figure S. Fluorescence enhancement of TCB-CMP (red @) and CB-
LP (blue @) upon exposure to vapors of (A) chlorobenzene, (B)
mesitylene, (C) benzene, and (D) toluene. Inset in (D): luminescence
images of CMP in the presence and absence of toluene under a hand-

held UV lamp.

fluorescence intensity increase of 135% after only 20 s of
exposure (Figure SD, red circles and inset). The observed
fluorescence enhancement was clearly correlated with the
electron-donating properties and vapor pressure of the arenes
(Table S1). Large gaps between TCB-CMP and CB-LP (Figure
SA—D, blue circles) were observed for all of the tested arenes.
Therefore, microporous conjugated skeletons are superior to
linear chains in the fluorescence-on sensing of arenes. CMPs
possess multiple functions, and their structural features
cooperate to enhance the detection sensitivity.

TCB-CMP can be reused in both the fluorescence-on and
fluorescence-off sensing of arenes. For example, upon exposure
to NB vapor for 20 s, TCB-CMP exhibited the same degree of
fluorescence quenching after each cycle, and the fluorescence
intensity recovered to a similar level when the NB vapor was
removed. Therefore, TCB-CMP maintains high sensitivity and
a rapid response time (Figure 6A). Moreover, TCB-CMP
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Figure 6. Cycling tests of TCB-CMP upon exposure to vapors of (A)
NB and (B) toluene.

exhibited a remarkable enhancement in fluorescence upon
exposure to toluene vapor for 20 s, even after reuse (Figure
6B). Similar increases in the degree of fluorescence intensity
were observed during each cycling test. Because of the
interweaving nature of the network skeleton, TCB-CMP can
be used repetitively, and a significant deterioration in the
sensitivity and response does not occur.
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The top of the valence band and the bottom of the
conduction band of TCB-CMP lie at approximately —5.2 and
—2.38 eV, respectively, as estimated from cyclic voltammetry
and absorption spectroscopy. The bottom of the conduction
band of TCB-CMP is higher than the lowest unoccupied
molecular orbitals (LUMOSs) of electron-deficient arenes, which
drives electron transfer and causes fluorescence quenching, as
observed for other conjugated polymers (Figure SSA)."7
Alternatively, when an electron-rich arene possesses a LUMO
that is higher than the conduction band of TCB-CMP, the
electrons of the arene flow to the conduction band of TCB-
CMP, which enhances the fluorescence intensity (Figure
SSB)."7 Differences in the fluorescence-on and -off mechanisms
of TCB-CMP allow for the clear visual discrimination of
electron-rich and electron-deficient arenes, and the fluorescence
can be simply determined with a hand-held UV lamp.

In summary, through the construction of a conjugated
microporous network, we have developed a highly luminescent
CMP that can be used to sense chemicals. TCB-CMP is unique
in that it discriminates between electron-rich and electron-
deficient arenes and provides opposite output with fluores-
cence-on and fluorescence-off characteristics. Remarkably, the
structural features of CMPs work cooperatively in the process
of sensing. Specifically, the conjugated network facilitates
exciton migration over the skeleton, the large surface area of
the skeleton broadens the interface between the CMP and the
arene, and the micropores confine the arene molecules. These
characteristics are inherent and endow CMPs with rapid
response times and high sensitivity. The CMP architecture
provides a unique platform for the design of de novo
chemosensing systems, which can be difficult to achieve with
conventional conjugated polymers. Considering the structure
versatility and design flexibility of the conjugated skeletons and
nanopores of CMPs, we anticipate the emergence of a fertile
and exciting field focused on the development of highly
sensitive sensors and sensor arrays based on luminescent
CMPs.
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