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ABSTRACT: A series of conductive porous composites
were obtained by the polymerization of 3,4-ethylenediox-
ythiophene (EDOT) in the cavities of MIL—101(Cr). By
controlling the amount of EDOT loaded into the host
framework, it was possible to modulate the conductivity as
well as the porosity of the composite. This approach yields
materials with a reasonable electronic conductivity (1.1 X
107* S-cm™") while maintaining high porosity (Sggr = 803
m?/g). This serves as a promising strategy for obtaining
highly nanotextured conductive polymers with very high
accessibility for small gas molecules, which are beneficial to
the fabrication of a chemiresistive sensor for the detection
of NO,.

ver the past two decades, porous coordination polymers

(PCPs), also known as metal—organic frameworks
(MOFs), have appeared as a promising and versatile class of
materials.' > Their success is largely due to their exceptional
characteristics, among which are very high porosity, a variety of
topologies, and tunability of their properties through selection of
the metal centers or ligands or inclusion of guests. However,
applications of PCPs in the field of electrochemistry remain
scarce, especially when excluding the field of ion-conductive
networks.”” The main reason for this is the lack of electronic
conductivity of most frameworks, with only a few PCPs reported
as electron conductors.””'* Because they have active metal
centers easily accessed by diffusive species and electrons, these
materials possess excellent electrochemical properties, as
demonstrated by recent reports."*~'® Unfortunately, and
without denying the impressive properties of compounds already
(and to-be) described, this class of materials suffers from limited
tunability, as small changes in the nature of the metal or ligand
resulted in a significant decrease in their conductivity. '~
Furthermore, because high electronic conduction requires
multiple conduction pathways, the porosity of this category of
PCPs remains relatively low.

To benefit from both the versatility of PCPs’ functionality and
the electronic conduction, we propose to synthesize conductive
polymers such as poly(3,4-ethylenedioxythiophene)
(PEDOT)™ in the pores of a PCP. Similar approaches have

-4 ACS Publications  ©2016 American Chemical Society

already been reported to prepare conductive polymer chains in
one-dimensional (1-D) nanochannels,”' ~** 2-D nanoslits,”* and
3-D pores.””™*" However, PCP/polymer composites with
reasonably high porosity as well as conductivity have yet to be
prepared. To obtain conduction isotropy and mass transport in
the occupied pores, we used a 3-D PCP, [Cry(BDC);OF-
(H,0),], (MIL-101(Cr), BDC = benzenedicarboxylate),**
denoted as 1. This PCP is readily available at the gram scale,
highly porous, and widely studied along with its functional
variants.””*’

Composite materials between 1 and PEDOT were prepared in
two steps (Figure 1). First, a controlled amount (chosen below
the maximal loading capacity) of 3,4-ethylenedioxythiophene
(EDOT) dissolved in diethyl ether was introduced into the host
PCP by evaporation of the solvent. This approach allowed a
homogeneous dispersion of monomers throughout 1 as well as a
precise control of the loading rate. Owing to the very high
porosity of 1, the maximum EDOT loading was estimated to be
160 + 10% of the empty PCP mass, a value comparable to that of
ibuprofen (density: 1.03; 140 wt %).”'

The second step consisted of the oxidative polymerization of
EDOT in the pores of 1 by iodine vapors.”> Unlike other
common oxidizers (e.g., FeCl; and persulfate), iodine can easily
be sublimed and allow reaction between a gaseous reagent and
the monomers adsorbed on the pore walls inside the PCP. Note
that after evacuation of the unreacted I, PEDOT remained in a
highly doped (and thus conductive) state, with ionic iodine
species acting as the counterions.

Preservation of the PCP framework during the polymerization
was confirmed by powder X-ray diffraction (PXRD), which
indicated the presence of characteristic peaks of 1 (Figure 2).
Differences in the relative intensities of the peaks after the
polymerization can be explained by the presence of disordered
guest polymer chains in the pores™ and is especially strong in our
case as iodine species are strong X-ray scatterers.

Formation of PEDOT and elimination of unreacted EDOT
were assessed using ATR-FTIR (Supporting Information).
MALDI-TOF indicated the presence of oligomers having
molecular weight up to 1286 Da. Meanwhile, number-average
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Figure 1. Schematic image for the preparation of 1DPEDOT.
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Figure 2. XRD diagrams of pristine PEDOT, 1, and 1DPEDOT. The

number in the parentheses indicates the mass fraction of PEDOT in the
sample.

molecular weight M, was determined as 2960 Da by gel
permeation chromatography (GPC). Discrepancies between
both techniques are discussed in Supporting Information. The
polymerization yield was estimated using XRF, based on the S/
Cr ratio. The polymerization yield was between 82% and 86% for
all samples, indicating the high reactivity of EDOT in the porous
network. In this study, we designate composites as IDPEDOT-
(X), where X is the mass fraction of PEDOT in the composite
(determined from the S/Cr ratio by XRF). X could be varied in 1
from 10% to 57% depending on the amount of EDOT loaded.
The porosity of the composites were assessed by adsorption of
N,at77 K (Flgure 3A). Pristine host PCP 1 possessed a specific
surface area Sppr of ~3100 m’/g. 2939 As expected, Sypr of
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Figure 3. (A) Adsorption isotherms (N,, 77 K) of 1 and 1DPEDOT.
(B) HK plot of 1 and 1DPEDOT composites. An offset of 0.5 between
each curve was added for readability.
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1DPEDOT decreased as the loading rate increased. However,
due to the high porosity of the host material, the value of Syt at
high loading still remained reasonably high. For example, Sggt of
1DPEDOT(57) was calculated as 803 m?/g, which is higher than
any conductive PCP reported so far. 1DPEDOT presented a
type I isotherm, indicative of microporosity. The micropore size
distribution, determined using the HK (Horvath and Kawazoe)
method™* (Figure 3B), indicated the presence of two types of
pores in 1 with diameters of 1.8 and 2.3 nm, corresponding to the
two types of cages. For low loading rates, the apparent diameter
of the cages decreased slightly, indicating that the polymer
formed close to the pores walls, while the volume in the cages
remained accessible.

For high loading, the stacking of several PEDOT layers on the
pore walls decreased the apparent pore diameter. However, the
composites maintained a broad distribution of pores with
diameters between 0.5 and 2.2 nm. Raman spectroscopy and
molecular dynamics (MD) simulations indicated that PEDOT
presented a coiled structure with a low degree of order for the
chains (Supporting Information). This effect was attributed to
the curvature of the cage walls that prevented ordering of the
PEDOT chains over long distances.

Conductivity was measured using impedance spectroscopy
(two electrodes) on pressure-sintered pellets. Pristine 1
exhibited almost no conductivity (6 < 107! S-cm™), as expected
from the absence of electron-conduction paths. In contrast, the
impedance diagrams of IDPEDOT had the shape of a semicircle
when plotted in the Nyquist representation and impedance
reached a pure real value at low frequency (Supporting
Information). This was attributed to an electronic conduction
through the PEDOT network, with iodine species acting as a
dopant. The conductivities of 1DPEDOT, as well as Sgpy are
reported in Figure 4. The conductivity of the composites
increased greatly with the PEDOT weight fraction. For the
highest loading rate (1DPEDOT(57)), the conductivity reached
avalue of 1.1 X 107> S-cm™". This value was higher than those of
the composites between 1 and other conducting polymers, such
as unsubstituted polythiophene and polypyrrole, prepared in the
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Figure 4. Conductivity (red squares) and specific surface area (blue
circles) of 1IDPEDOT.
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Figure 5. (A) Time-dependent variations of conductivity of a chemiresistive sensor prepared using 1O PEDOT (45) (plain line, left axis) under different
partial pressures of NO, (dashed, right axis). (B) Zoom-in on the low-pressure domain. (C) Linear fit of the conductivity changes as a function of the

partial pressure of NO,.

similar manner, indicating the significant role of the conductive
polymer’s nature (Supporting Information). We also prepared
PEDOT in 1-D channels of La(1,3,5-benzenetrisbenzoate),”
where the conductivity of the composite (30 wt % PEDOT) was
much lower (2.3 X 107 S-cm™) than for corresponding
1DOPEDOT, probably because of the low interchain connectivity
of PEDOT isolated in the 1-D nanochannels (Supporting
Information). This indicates the essential role of the topology of
the PCP’s pores for the design of a conductive composite. While
the conductivity of IDPEDOT was lower than the highest values
published for conductive PCPs,'? it is still appreciable and allows
application in electrochemistry.

PEDOT is a p-type semiconductor and its Fermi level can be
modified by the presence of oxidizing analytes, resulting in
measurable changes of its conductivity. For this reason, PEDOT
has often been used for the chemiresistive detection of NO,.***°
The detection of this analyte is of very great importance, as it is a
common atmospheric pollutant produced during combustion
reactions, with a toxic effect on the respiratory system at
concentrations of 1 ppm and below."" Thus, we initially prepared
a NO, sensor using conventional bulk PEDOT obtained from
solution polymerization. However, this PEDOT sensor
presented a significant drift, along with a very low sensitivity
(0.8% for a partial pressure of NO, P(NO,) = 1 Pa, equivalent to
10 ppm), probably because of low accessibility for gas analytes
(Sger of pristine PEDOT = 2 m?/g). Because the design of
microporous and conductive materials is highly sought after to
achieve efficient gas sensors, ¥+~ preparation of PEDOT in 1
is a reasonable strategy to induce a nanostructuration of PEDOT,
which could develop a very high accessible surface area. As
conductive polymer chains tend to aggregate because of 7-
stacking, their structuration at the subnanometer scale (where
chains are isolated or form bundles of a few entities) is so far only
attainable by molecular engineering of the side-chains.”>** Here,
we employed 1DPEDOT(45) (Sger = 1038 m?/g) for
chemiresistive sensing of NO, gas. This composite presented
the best compromise between high conductivity to reduce the
effect of electrical noise and high accessibility for gas molecules.
As seen in Figure SA,B, the conductivity of the sensor increased
sharply when put in contact with NO,. The response time to
reach the equilibrium state was below 30 s for low partial
pressures and remained below 150 s for P(NO,) up to 20 ppm.
The conductivity increase was found to be linear (R* = 0.9974)
for P(NO,) up to 10 ppm (Figure SC). The minimum P(NO,)
measured was 200 ppb, with a sensor response of 0.9%.
Considering the linearity slope ar and the electrical noise standard
deviation 6, the limit of detection (LOD) at 35 was estimated at
60 ppb. Being operated at room temperature and having a high

sensitivity, a low LOD, and a wide linearity range, the
performances of our sensing device were very promising
compared with other systems based on nanostructured
conducting polymers’®~* and were indeed close to the most
efficient and optimized PEDOT-based sensors for NO,, which
rely on the modulation of a p—n junction instead of a direct
Fermi level modification.””**

In summary, we have produced a series of porous electronic
conductors based on the polymerization of EDOT in 1, which
possesses a 3-D porous structure. By varying the amount of
monomer introduced in the pores, it was possible to modulate
the conductivity as well as the porosity of the composites. The
conductivity of 1DPEDOT reached 1.1 X 107 S-cm™" with the
highest loading of the polymer, while the specific surface area
remained as high as 803 m?/ g. Furthermore, we deliberately
chose an archetypal PCP framework, as a proof-of-concept.
Preparation of PCP/conductive polymer composites thus
appears as a promising and versatile approach to obtain highly
functional porous conductive materials. We have demonstrated
the potential of this approach by producing a chemiresistive
sensor that proved very efficient for the detection of NO,.
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