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ABSTRACT  

Owing to their diverse potentials to help advance modern electronics and energy technologies, electrically 

conducting metal–organic frameworks (MOFs) have emerged as one of the most coveted functional 

materials within the past decade. The key to developing electrically conducting MOFs is to equip them with 

mobile charge carriers and facilitate long-range charge movement. Circumventing the challenges and 

unpredictability associated with the construction of intrinsically conducting MOFs, herein, we have 

converted a structurally robust and porous but intrinsically insulating Zn-dpzNDI MOF based on an electron 

deficient dipyrazolate-naphthalenediimide (dpzNDI) ligand into electrically conducting MOFÉconducting-

polymer (MOFÉCP) composites via oxidative polymerization of preloaded redox-active 3,4-

ethylenedioxythiophene (EDOT) and pyrrole (Py) monomers to corresponding PEDOT and PPy polymers, 

which are well-known hole-transporters. After monomer loading and in-situ polymerization, the resulting 

MOFÉCP composites remained crystalline but became less porous, suggesting that the amorphous CP 

chains were mostly confined to the MOF cavities. The presence of CPs was confirmed by IR, diffuse-

reflectance UV-Vis-NIR, and STEM-EDX analyses. Whereas the pristine MOF had immeasurably low 

conductivity (s < 10–12 S/m), the MOFÉPEDOT and MOFÉPPy composites displayed significantly higher 

electrical conductivity: 1.8 ´ 10–5 and 2.5 ´ 10–3 S/m, respectively. Thus, we have transformed an 

intrinsically insulating MOF into electrically conducting MOFÉCP via in-situ oxidative polymerization of 

electron-rich monomers, a versatile strategy that could be adopted to engineer this much coveted but elusive 

electronic property practically in any porous MOFs.  

Keywords: Metal–organic frameworks, Conducting polymers, MOF-Polymer composites, Electrical 

conductivity, Oxidative polymerization 
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1. Introduction 

Electrically conducting metal–organic frameworks (MOFs) [1–6], have emerged as one of the most sought 

functional materials because of their diverse potentials to serve as active components of batteries [7–11], 

transistors [12,13], supercapacitors [14–16], photovoltaic devices [17–23], chemiresistive sensors [24–30], 

and electrocatalysts [31–34] and thus help advance electronics and energy technologies. Since electrical 

conductivity is a product of charge-carrier concentration (i.e., electrons or holes) and mobility, MOFs must 

possess adequate charge-carriers and efficient long-range charge transport capability to display this much 

coveted electronic property [2,3]. While redox-active components endow MOFs with requisite charge-

carriers, depending on the frameworks’ structures and compositions, the charges can flow through either 

(i) metal–ligand coordination bonds with large covalent character, i.e., high degree of orbital overlap [35–

41], (ii) extended π-conjugated ligands [42–68], (iii) continuous π–π- or π-donor/acceptor stacks [69–75], 

and/or (iv) redox-hopping [76–81]. Intrinsically conducting MOFs possess at least one of these long-range 

charge transport pathways, however, it is quite challenging to design and synthesize them in a predictable 

manner because insulating metal-cluster nodes made of ionic coordination bonds and large spatial 

separation between the ligands—the common features of porous MOFs—hinder through-bond and through-

space charge movement, respectively. An effective way to address these challenges is to exploit MOF’s 

porosity to introduce appropriate guest molecules to facilitate long-range charge movement and thereby 

boost their electrical conductivity [82–88]. Since most small molecular guests are not intrinsically 

conducting, the porous MOFs must have certain structural features to help create guest-mediated charge 

transport pathways, such as coordinatively unsaturated nodes, which can be crosslinked by coordinating π-

conjugated guests to promote through-bond charge movement [85], or parallel redox-active ligands located 

at regular intervals that can form extended π-donor/acceptor stacks with intercalated redox-complementary 

guest π-systems and thereby facilitate through-space charge movement [86–88]. Furthermore, large number 

of infiltrated guest molecules are often needed to create such long-range charge transport pathways, which 

diminish the MOF’s porosity (although this is not an issue unless the doped materials are intended for 

electrocatalysis or chemiresistive sensing applications, which require infiltration of substrates and analytes 

into MOFs).  

 Building on the versatile guest-induced conductivity approach, recently, electrically conducting 

polymers (CPs), such as poly-3,4-ethylenedioxythiophene (PEDOT) and polypyrrole (PPy) have been 

introduced into porous MOFs via monomer infiltration, followed by in-situ oxidative polymerization, which 

yielded MOFÉCP composites with significantly improved conductivity [89–96]. In biporous MOFs having 

two distinct cavities, such as MIL-101(Cr), MIL-100(Fe), and UiO-66, the CPs formed predominantly 

inside the larger pores while the smaller pores remained mostly empty, thus partly preserving the MOFs’ 
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porosity while significantly boosting their conductivity. Since the embedded CPs acted as charge-carrier 

sources as well as charge transporters, in principle, this strategy could be adopted to boost the electrical 

conductivity of any porous MOFs. Expanding the scope of this elegant strategy, herein, we demonstrate 

that an insulating porous Zn-dpzNDI MOF (dpzND dipyrazolate-naphthalenediimide (dpzNDI) ligand 

having uniform pores and channels [97], can also be converted to electrically conducting MOFÉCP 

composites by first loading it with EDOT and pyrrole, followed by oxidative polymerization of pre-loaded 

monomers into corresponding PEDOT and PPy polymers (Scheme 1). The resulting MOFÉCP composites 

remained highly crystalline, although their surface areas diminished significantly due to the formation of 

CP chains inside the MOF pores. The in-situ formation of PEDOT and PPy polymers was confirmed by IR 

and UV-Vis-NIR diffuse reflectance spectroscopies (DRS), MALDI-ToF mass spectrometry, and STEM-

EDX analysis. Whereas the pristine MOF is an electrical insulator (s ≤ 10–12 S/m) [79], the resulting 

MOFÉPEDOT and MOFÉPPy composites displayed up to billion times higher conductivity (s ~ 10–5 and 

10–3 S/m, respectively), demonstrating that practically any porous MOFs that can allow appropriate 

monomer infiltration, followed by oxidative polymerization, can be used to develop electrically conducting 

MOFÉCP composites through this strategy.  

Scheme 1. The preparation of MOFÉCP composites. 

 

2. Materials and Experimental Section 

Synthesis of Zn-dpzNDI MOF. All chemicals were used as received. The dpzNDI ligand and Zn-dpzNDI 

MOF were synthesized according to reported protocols [97]. Briefly, a mixture of 1,4,5,8-naphthalene 

tetracarboxylic dianhydride (300 mg, 1.12 mmol) and 3,5-dimethyl-1H-pyrazol-4-amine (274.29 mg, 2.382 

mmol) was refluxed in anhydrous DMF (15 mL) under N2 atmosphere for 8 h. Upon adding Et2O to the 

MOF
1.              (Pyrrole) 

2.  I2 (0.05 M in C6H14) 
22 °C, 24 h  

1.                   (EDOT)

2.  I2 , 90 °C, 72 h  

MOFÉPEDOT

MOFÉPPy
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dark brown reaction mixture, a yellowish orange solid precipitated out, which was filtered and recrystallized 

from DMF/Et2O mixture to obtain dpzNDI ligand. The NMR of the product matched well with the reported 

one. To synthesize the MOF, dpzNDI ligand (40 mg, 0.088 mmol) and Zn(NO3)2.6H2O (28.4 mg, 0.096 

mmol) were dissolved in DMF (7 mL) in a screw-capped vial and kept in a 130 °C oven for 24 h. The 

orange-colored MOF was washed thoroughly with DMF, MeOH, and Et2O, and activated at 120 °C under 

vacuum for 24 h.  

Synthesis of MOFÉPEDOT composite. The activated pristine MOF (100 mg) was soaked in EDOT (10 µL) 

/ Et2O solution (15 mL) for 48 h. After removing the solvent and excess monomers under reduced pressure, 

the resulting EDOT-loaded MOF was treated with iodine vapor at 90 °C for 48 h to polymerize the 

infiltrated monomers into PEDOT, according to a literature protocol [91,92]. The resulting black solid was 

washed consecutively with hexane, methanol, water, and acetone to remove excess iodine and dried 

overnight under vacuum to obtain MOFÉPEDOT. 

Synthesis of MOFÉPPy composite. Following a slightly modified reported protocol [92,98], the activated 

pristine MOF (75 mg) was soaked in pyrrole (1.5 mL) under N2 for 48 h., then excess pyrrole was removed 

under reduced pressure, the monomer-loaded MOF was treated with iodine / hexane solution (0.05 M) at 

room temperature for 24 h, then the resulting material was washed with hexane, methanol, and acetone, and 

drying under vacuum to obtain MOFÉPPy composite a black powder. 

Synthesis of Bulk PEDOT. Bulk PEDOT was synthesized by heating a solution mixture of EDOT (0.25 g, 

1.75 mmol) and iodine (1.12g, 4.4 mmol) in toluene (15 mL) at 90 °C for 48 h, followed by washing the 

resulting black mass thoroughly with hexane and acetone [91,92].  

Synthesis of Bulk PPy. Bulk PPy was synthesized by adding an aqueous FeCl3 solution slowly to pyrrole 

(molar ratio of FeCl3: Py = 2.3 : 1) and stirring the resulting solution at room temperature for 24 h. followed 

by washing the resulting black solid with water and methanol. [99]. 

I2-treated MOF. The activated pristine MOF was treated with iodine vapor at 90 °C for 48 h. and the 

resulting material was then washed with hexane, methanol, water, and acetone dried overnight under 

vacuum to remove excess iodine. This material was used as a control.  

Extraction of CPs. The MOFÉCP composites were immersed in an aqueous NaOH solution for 48 h which 

digested the coordination framework. The residual black polymeric mass was washed with water and 

methanol to obtain extracted PEDOT and PPy [91]. Based on the weight of extracted CP from respective 

MOFÉCP composite, MOFÉPEDOT contained 33 wt% PEDOT and MOFÉPPy contained 18 wt% PPy.  
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Characterization methods. The 1H NMR spectra were recorded on a Bruker 500 MHz NMR spectrometer, 

MALDI-ToF mass spectra on a Bruker Autoflex instrument, and powder X-ray diffraction (PXRD) patterns 

on a Rigaku Ultima IV X-ray diffractometer equipped with Cu Kα radiation source (l = 1.5406 Å) and a 

CCD area detector. The UV-Vis-NIR DRS plots were recorded with a Shimadzu UV-2600 

spectrophotometer equipped with an integrated sphere and FT-IR spectra with a Thermo-Nicolet Nexus 

670 FT-IR/NIR Spectrometer. Thermogravimetric analysis was conducted on an SDT Q600 instrument. 

The surface area was determined from N2 sorption isotherms measured with a Quantachrome Autosorb iQ 

Gas Sorption Analyzer. STEM-EDX analyses were performed with a Hitachi SU-9000 SEM/STEM 

instrument with EDX capability. 

Electrical conductivity measurements. The electrical conductivity of these materials was determined from 

current-voltage (I-V) measurements under ambient conditions (293 K) using in-situ pressed pellets of each 

material [68,74,75]. A two-probe device consisting of two precision-cut stainless-steel rods with flat round 

tips (radius = 0.135 cm) partially inserted into a snugly fit Teflon tube securing the pellet sandwiched 

between the two steel rods was used for two-probe electrical measurements. The tips of the steel rods were 

precoated with silver paint for better electrical contact between the electrodes and sandwiched MOF 

materials. Each pellet was prepared from 2.5 mg of respective material placed between the two silver-coated 

steel rods inserted in a Teflon tube and then pressed under a constant 260 MPa pressure for 1 min using a 

digital Parr pellet press. The thickness (L ≈ 0.02 cm) of MOF pellets was measured from the difference in 

the total length of two steel rods with and without the sandwiched materials using a digital caliper, and the 

area (A = 0.057 cm2) was defined by the radius of the steel rods inserted inside the Teflon tube. The 

corresponding conductivities were calculated using the equation: σ = L/RA (R = total resistance of the pellet 

obtained from the slope of the corresponding I-V plots). For temperature-dependent I-V measurements, the 

same setup was immersed in a temperature-controlled sand bath, and the temperature was measured 

precisely by a pair of digital thermocouples. The devices were held at each temperature for 30 min before 

measuring their I-V plots to ensure the accuracy of the measurements. The activation energy (Ea) was 

calculated from the temperature-dependent conductivity data using the Arrhenius equation: s	 = 𝐴𝑒𝑥𝑝(!"
#$
) 

where A = a pre-exponential factor, R = gas constant, and T = temperature in Kelvin.  

3. Results and Discussions 

To explore the versatility of MOFÉCP composite strategy to boost the electrical conductivity of porous 

MOFs, herein, we have employed a highly porous Zn-dpzNDI MOF (Fig. 1) based on an electron deficient 

dpzNDI ligand, which has uniform pores and open channels. We have chosen this MOF for this purpose 

because (i) the activated material reportedly has a permanent porosity and fairly large surface area [97], 
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which should allow infiltration of monomers and oxidizing agents and in-situ polymerization, and (ii) the 

π-acidic NDI ligands are resistant to oxidation, which should allow selective oxidation of infiltrated 

monomers into CPs and leave the host framework unaffected, allowing us to delineate the effect of 

embedded CPs on the conductivity of the resulting composites. Zn-dpzNDI MOF was obtained as a 

crystalline orange powder via a solvothermal reaction between Zn(NO3)2 and dpzNDI in DMF at 130 °C 

according to a literature protocol [97]. The powder x-ray diffraction (PXRD) pattern of evacuated MOF 

matched well with the reported pattern (Fig. 1). The activated MOF possessed a large Brunauer-Emmett-

Teller (BET) surface area of the activated MOF (1523 m2/g), which was measured from its N2-sortption 

isotherms at 77 K (Fig. S1), indicating that it was suitable for monomer loading and subsequent oxidative 

polymerization. 

 

Fig. 1. (a) The simulated structure of MOF. grey: C, red: O, blue: N, pink: Zn (adopted from ref. 97 with 

copyright permission from Royal Society of Chemistry 2013). (b) The PXRD patterns of pristine MOF 

(dotted black: reported, solid black: recorded), EDOT-loaded MOF (dotted green), MOFÉPEDOT (solid 

green), pyrrole-loaded MOF (dotted blue), MOFÉPPy (solid blue).  

To determine the effect of two different CPs (i.e., PEDOT and PPy) on the conductivity of 

corresponding MOFÉCP composites, we have introduced electron rich EDOT and pyrrole monomer and 

oxidatively polymerized the infiltrated monomers into CPs inside the MOF (Scheme 1). To prepare 

MOFÉPEDOT composite, the activated MOF was first soaked in an EDOT / Et2O solution for 48 h. After 

removing excess monomer and solvent molecules under reduced pressure, the EDOT-loaded MOF was 

treated with I2 vapor at 90 °C for 48 h to generate PEDOT, which turned the orange MOF powder into 

black. The resulting black powder was washed extensively with hexane, methanol, water, and acetone and 

dried under vacuum to obtain MOFÉPEDOT composite. Likewise, the activated MOF was soaked in 

pyrrole under N2 for 48 h, the excess pyrrole was removed under reduced pressure, the pyrrole-loaded MOF 

was treated with an iodine/hexane solution at room temperature, and the resulting black solid was washed 

thoroughly with hexane, methanol, and acetone to obtain the MOFÉPPy composite. The PXRD profiles of 

(a) (b)

Reported PXRD of MOF

Recorded PXRD of MOF

EDOT@MOF

Pyrrole@MOF

MOFÉPEDOT 

MOFÉPPy
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the monomer and CP-loaded MOFs (Fig. 1) were in good agreement with that of pristine MOF, confirming 

that the in-situ generated CPs did not affect the MOF’s structure and crystallinity, nor did they only coat 

the outer surfaces of MOF crystallites, which would have significantly diminished the crystallinity of the 

MOF. Thermogravimetric analysis revealed that (Fig. S2) the pristine MOF and both MOFÉCP composites 

were thermally stable up to at least 300 °C, whereas free PEDOT and PPy started to decompose above 100 

°C, demonstrating that the MOF helped stabilize embedded CPs—a notable benefit of encapsulating these 

CPs inside the MOF. 

 

Fig. 2. (a) UV-Vis-NIR DRS of MOF (black), MOFÉPEDOT (green) and MOFÉPPy (blue) and (b) FT-

IR spectra of bulk PEDOT (dotted orange), extracted PEDOT (solid green), bulk PPy (dotted pink), and 

extracted PPy (solid blue). 

 The UV-Vis-NIR DRS (Fig. 2a) of orange-colored pristine MOF displayed a characteristic dpzNDI 

absorption peak at ~375 nm with a shoulder at ~475 nm, whereas black MOFÉPEDOT and MOFÉPPy 

powders displayed prominent NIR peaks centered on ca. 900 and 750 nm, respectively (in addition to the 

MOF peak), which corresponded to the embedded CP’s absorption. To further characterize the embedded 

CPs, MOFÉCP composites were treated with aqueous NaOH solution to digest the framework and release 

the CPs as black solids. The FT-IR spectra (Fig. 2b) of residual CPs extracted from the digested composites 

were in good agreement with that of pure CPs. For example, separately synthesized pure PEDOT and the 

MOF-extracted PEDOT both displayed characteristic IR stretching frequencies of C–S (840 cm–1), C–O 

(1070 and 1210 cm–1), C–C (1350 cm–1), and C=C (1520 cm–1) bonds [100]. Likewise, the pure and 

extracted PPy displayed (Fig. 2b) characteristic IR stretching frequencies of C–N (1450 cm–1) and C=C 

(1520 cm–1) bonds [101]. Furthermore, MALDI-TOF analysis (Fig. S3) of extracted PEDOT revealed 

characteristic m/z peaks of 4–7-mers, whereas the MS data of extracted PPy displayed m/z peaks 

corresponding to 7–16-mers, suggesting that the degree of in-situ polymerization and average chain length 

of the latter was greater for PPy than PEDOT.  

(a) (b)

C–S stretch

C–N stretch
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Compared to pristine MOF, which has a large BET surface area (1528 m2/g), MOFÉPEDOT and 

MOFÉPPy composites displayed much smaller surfaces areas (28 and 283 m2/g, respectively, Fig. S1), as 

the in-situ generated CPs occupied the channels. The larger surface area of MOFÉPPy than MOFÉPEDOT 

could be attributed to the following factors: Since the average chain length of extracted PPy (n = 7–16) was 

longer than extracted PEDOT (n = 4–7), it is plausible that fewer PPy strands were formed than shorter and 

thicker PEDOT strands (EDOT is a larger molecule than pyrrole), and the latter filled more space inside 

the MOF channels, making MOFÉPEDOT less porous.  

 

Fig. 3. STEM-EDX elemental mapping images of (a) pristine MOF, (b) MOFÉEDOT, and (c) 

MOFÉPEDOT showing coexistence of characteristic elements in the composite. C: pink, O: red, N: cyan, 

Zn: yellow, S: green, and I: orange. 

The microscopic shapes and atomic compositions of pristine MOF, MOFÉEDOT, and 

MOFÉPEDOT were further investigated by STEM-EDX analysis (Fig. 3), which revealed the coexistence 

of characteristic elements of MOF (Zn and N) and PEDOT (S and I) only in the composite. The coexistence 

and uniform distributions of Zn, N, S, and I throughout the MOFÉPEDOT further indicated a uniform 

presence of PEDOT inside the MOF. The presence of the I-peak in thoroughly washed and vacuum-dried 

MOFÉPEDOT sample suggested that the PEDOT chains were partially oxidized and accompanied by 

charge balancing I– counterions. A similar analysis was not useful for MOFÉPPy because both MOF and 

PPy contained C and N, however, a similar scenario is also expected in this case, as all other studies 

indicated the presence of PPy.  

(a)

(b)

(c)
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Finally, room temperature electrical conductivities of the MOF, MOFÉCP composites, and free 

bulk CPs were determined from current–voltage (I-V) plots (Fig. 4) measured by two-probe method using 

pressed pellets of respective materials sandwiched between two stainless steel electrodes surrounded by a 

snugly fit Teflon tube [68,74,75]. Whereas pristine and iodine-treated MOFs displayed (Fig. 4 and S4) 

negligible conductivity (< 10–12 S/m), indicating that iodine treatment in the absence of any monomer did 

not enhance the MOF’s conductivity, MOFÉPEDOT and MOFÉPPy composites displayed much higher 

electrical conductivity (1.8 ´ 10–5 and 2.5 ´ 10–3 S/m, respectively), with the latter showing over a billion-

fold improvement from the insulating pristine MOF. In contrast, free CPs prepared separately and those 

extracted from respective MOFÉCP composite displayed (Fig. 4 and S4) noticeably lower conductivity 

(PEDOT: 1.9 ´ 10–6 S/m (bulk), 1.3 ´ 10–8 S/m (extracted); PPy: 1.2 ´ 10–3 S/m (bulk), 1.4 ´ 10–5 S/m 

(extracted)). The higher intrinsic electrical conductivity of PPy than PEDOT was reflected in the 

conductivities of MOFÉCP composites, suggesting that the CPs were primarily responsible for the 

conductivity of these composites since the MOF was practically insulating. Furthermore, the conductivity 

of each in-situ generated MOFÉCP composite was also significantly higher than that of the mixtures of 

pristine MOF and separately prepared bulk CPs blended in the same wt/wt ratios as those found in 

respective MOFÉCP composite: MOF/33 wt% PEDOT blend: 8.1 ´ 10–8 S/m, MOF/18 wt% PPy blend: 

4.2 ´ 10–5 S/m (Fig. S4). The noticeably higher conductivity of each MOFÉCP composite than the 

respective MOF/CP blend demonstrated that the composites’ conductivities are not just the summation or 

average of two materials (MOF and CP) conductivities. Together, these results demonstrated the benefits 

of MOFÉCP composites prepared by in-situ polymerization over free CPs and MOF/CP blends. 

 

Fig. 4. (a, b) The I-V plots of pristine MOF (black), MOFÉPEDOT (solid green circles), bulk PEDOT 

(open green circles), MOFÉPPy (solid blue circles), and bulk PPy (open blue circles). (c, d) Arrhenius plots 

of temperature dependent conductivity values of MOFÉPEDOT (green) and MOFÉPPy (blue). 

(a) (b)

(c) (d)
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4. Conclusion 

The foregoing studies demonstrated that the electrical conductivity of practically any porous MOFs, 

including those with continuous open channels, can be enhanced significantly via in-situ polymerization of 

preloaded monomers into electrically conducting polymers, which not only supply mobile charge carriers 

but also facilitate long-range charge movement. The highly ordered structure of the MOF helped organize 

the embedded CPs in such a way that the MOFÉCP composites exhibited even higher conductivity than 

pure CPs, and the conductivities of the composites were much greater than the summation of intrinsic 

conductivities of two materials, demonstrating the benefit of combining them through this elegant strategy. 

The conductivities of MOFÉCP composites and free CPs followed the same trend (PPy > PEDOT), 

demonstrating that the embedded CPs were indeed responsible for the conductivity of these composites. 

Thus, this work demonstrated the versatility of CP@MOF strategy to convert electrically insulating porous 

MOFs into conducting MOFÉCP composites. The ability to combine these two dueling properties through 

this strategy could potentially expand the utility of electrically conducting MOFÉCP composites in 

chemiresistive sensing and electrocatalysis [102–105].  
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