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Highly conductive nanostructured PEDOT polymer confined into 
the mesoporous MIL-100(Fe) † 

Pablo Salcedo-Abraira ,a‡ Andrea Santiago-Portillo,b‡ Pedro Atienzar,b Pierre Bordet,c Fabrice Salles,d 
Nathalie Guillou,e Erik Elkaim,f Hermenegildo Garcia,b Sergio Navalon,b* Patricia Horcajadaa* 

Despite the higher efficiency, larger color range and faster stimulus response of polymeric electrochromic materials, their 

poor cyclability strongly hampers their application in optoelectronics. As an original strategy to stabilize and further 

nanostructure the polymer, herein the efficient encapsulation and in situ polymerization inside the high porosity of Metal-

Organic Frameworks (MOFs) is reported. In particular, the successful accommodation of poly(3,4-ethylendioxythiophene) 

(PEDOT) and its partially oxidized polarons inside the mesoporosity of the nontoxic iron trimesate MIL-100(Fe) is convincingly 

proved by a large panel of experimental techniques. Remarkably, the polymer MOF interaction occurring for entrapped 

PEDOT within the pores (deeply assessed by experimental and simulation methods) might be responsible for the enhanced 

electrical conductivity of the resulting PEDOT@MIL-100(Fe) composite when compared to the insulating MIL-100(Fe) and 

the conductive free PEDOT. Further, it was possible to observe the electrochromic properties of the PEDOT@MIL-100(Fe) 

composite, achieving an improved stability and good cyclability as consequence of the effective protection by the MOF 

matrix. 

Introduction.  

Electrochromic materials, able to change their optical 

properties when an electric current is applied1, are very 

interesting due to their use in a wide range of cutting-edge 

technological areas, such as light controllers or optical shutters 

(e.g. mirrors, smart windows, sunglasses). Among them, 

transition metal oxides,2–4 Prussian blue analogues5 and organic 

conducting polymers6,7 have attracted considerable attention. 

Despite their limitations concerning the color tailorability and 

brightness, the most commonly used smart materials are the 

inorganic ones (e.g. mainly WO3, as well as TiO2 and V2O5) due 

to their excellent stability and cyclability. In contrast, polymers 

have higher color intensity, larger variability in the choice of the 

color range and faster stimulus response, as well as other 

advantages (e.g. electrical conductivity, easy chemical 

tunability, low-cost and facile processability).8 Cyclability of 

organic conducting polymers is, however, unsatisfactory as 

consequence of the severe stability issues, which hampers their 

real application in optoelectronics. This is a consequence of 

their structural disordered nature and the important volumetric 

changes occurred during operation of the devices. 

Encapsulation within the cavities of porous insulating materials 

(e.g. zeolites or mesoporous silica) has been widely proposed as 

a general strategy to stabilize conducting polymers (CPs). 

However, this approach present important drawbacks such as 

diffusional limitation, inefficient polymerization and/or low 

chemical and structural versatility.9–11 As an alternative, the 

encapsulation of CPs in highly porous hybrid host matrices, like 

Metal-Organic Frameworks (MOFs), has recently emerged as a 

promising method to achieve efficient CPs loadings and 

adequate polymerization.12 MOFs, built up from inorganic 

subunits (atoms, clusters, chains,…) and organic polytopic 

linkers (phosphonates, carboxylates, azolates…), combine a 

very high regular porosity (pore volume up to 2 cm3·g-1; specific 

BET surface area = 7000 m2·g-1; pore diameter = 3-98 Å)13–15 with 

an easily tunable composition and topology. Due to their 

outstanding properties, MOFs have been extensively proposed 

in economically key applications (fluid separation and capture, 

sensing, heterogeneous catalysis, energy and biomedicine, 

among others) .16–18 However, the possibility to apply MOFs in 

optoelectronics, generally requiring conductive materials, has 

been almost unexplored, probably as a consequence of the poor 

electronic conduction of most MOFs. Thus, to the best of our 

knowledge, only six MOF structures have been recently 

reported exhibiting electrochromic properties with a modest 
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cyclability.19–23 De novo synthesis of new conductive MOFs is 

however time-consuming and complex, requiring sophisticated 

non-commercial ligands and tedious optimization of the 

synthetic parameters.  

In this context, the entrapment of a CP within the voids of a 

highly stable known MOF will be here presented, characterizing 

the electrochromic properties of the resulting composite. 

Although scarcely explored and with different aims, the 

encapsulation of some CPs have been already reported within a 

few low density MOF architectures (MIL-101(Cr), HKUST-1, 

DUT-4, DUT-5, [La(BTB)]n, Zn2(1,4-ndc)2(dabco)).24–29 As a 

general observation, more stable materials with improved 

properties (e.g. electrical conductivity, optical, ion diffusion, 

sensing) are generally achieved as result of encapsulation. 

The well-known CP poly(3,4-ethylendioxythiophene) (PEDOT) 

has been successfully encapsulated within the pores of the non-

toxic iron(III) trimesate MIL-100(Fe) (MIL stands for Material of 

Institut Lavoisier) using a two-step protocol: first, adsorbing the 

monomer and then, by its in situ oxidative polymerization 

within the MOF matrix. PEDOT was selected, as an extensively 

studied active material, due to its excellent properties in 

electrochromic devices.30,31 On the other hand, the 

benchmarked MIL-100(Fe) solid was chosen as host matrix 

owing to its features: i) remarkable porosity with an adequate 

pore size, compatible with the monomer dimensions, ii) high 

chemical and thermal stability, iii) environmentally friendly 

character, iv) green and scalable synthesis, v) presence of 

coordinatively unsaturated metal sites (CUS) with a Lewis acid 

character and vi) a reversible redox behavior.32–35 The 

successful accommodation of PEDOT and its partially oxidized 

polarons within the MIL-100(Fe) pores was thus convincingly 

supported by a combination of different techniques, including 

powder X-ray diffraction (PXRD), thermogravimetric analysis 

(TGA), Fourier transform infrared spectroscopy (FTIR), N2 

sorption measurements, scanning electron microscopy coupled 

with an energy dispersive X-ray spectrometer (SEM-EDX), UV-

Vis spectroscopy, electron paramagnetic resonance (EPR) and ζ-

potential. Further, PEDOT@MIL-100(Fe) was characterized by a 

combination of experimental (FTIR and pair distribution 

function-PDF analysis using high resolution synchrotron data) 

and molecular simulations (Grand Canonical Monte Carlo-

GCMC and Density Functional Theory-DFT) in order to elucidate 

the polymer conformation inside the MOF. Finally, the 

electrochromic properties of the resulting PEDOT@MIL-100(Fe) 

composite were evaluated with respect to its potential as 

electrochromic devices. 

Results and discussion.  

The conducting polymer PEDOT was successfully entrapped 

within the MIL-100(Fe) mesopores using a simple and efficient 

two-step process. Initially, the EDOT monomer was adsorbed by 

suspending the previously dehydrated MOF in a concentrated 

EDOT solution. Subsequently, encapsulated EDOT was 

submitted to in situ oxidative polymerization within the MOF 

pores using an acetonitrile solution of anhydrous FeCl3 (see 

experimental  

Figure 1. (a) Preparation procedure of PEDOT encapsulation inside the cavities of 
the MIL-100(Fe); (b) Illustration of the PEDOT formation and its partially oxidized 
polarons by FeCl3. 

section; Figure 1). First, the EDOT encapsulation process was 

optimized by investigating the influence of the impregnation 

solvent (i.e. acetonitrile and hexane) and EDOT:MOF wt. ratio 

(i.e. 0.45:1, 0.9:1 and 1.8:1). Using a 90% (w/w) EDOT:MIL-

100(Fe) ratio in hexane or acetonitrile and a subsequent 

polymerization with FeCl3,36 the amount of entrapped PEDOT 

was 60 and 4 wt.% (based in the dry MIL-100(Fe)), respectively 

(Figure S1 and Table 1). The much lower PEDOT insertion in 

acetonitrile might be related with the competitive adsorption of 

this polar solvent within the MOF. Indeed, it is well-established 

that small polar molecules such as H2O, CH3CN or 

dimethylformamide (DMF) can strongly interact with the iron 

CUS of MIL-100(Fe) acting as Lewis centers. This coordination to 

the CUS, pointing out to the accessible window to the cages of 

MIL-100(Fe), might lead to a decrease on its diameter, hindering 

the adsorption of EDOT moieties. In contrast, negligible 

interactions might occur with non-polar substances such as 

hexane, favoring the EDOT encapsulation.  

Then, by selecting the hexane as impregnation solvent, the 

effect of the different EDOT:MOF wt. ratio (0.45:1, 0.9:1 and 

1.8:1, corresponding to the denoted PEDOT@MIL-100(Fe)-1, 2 

and 3 solids, respectively) on the encapsulation rate was 

assessed. These results evidence that the EDOT loadings 

increase with the initial EDOT concentration (40 ± 6 and 60 ± 9 

PEDOT wt% for 45 and 90 PEDOT wt.%, respectively), reaching 

a plateau with a maximal value of around 70 wt.% for 

EDOT:MOF ratios higher than 0.9:1 (Figure S2 and Table 1). One 

has here to consider that the maximum EDOT loading, 

estimated by Monte-Carlo simulation at saturation, is ca. 70 

wt.% (see experimental section for further details), confirming 

the small effect of the hexane on the encapsulation. The very 

good agreement between the experimental and theoretical 

loading suggests that a maximal PEDOT capacity was reached 

using this optimized encapsulation protocol (i.e. using a hexane 

solution EDOT:MOF wt. ratio of 0.9:1). According to this 

estimation based on Monte Carlo simulation, higher EDOT 

loadings than the maximum theoretical capacity might be 

explained by a location of the PEDOT moieties out from the 

MOF porosity (see below). 

To further prove the location of the PEDOT moieties within the 

MOF pores, N2 sorption isotherms were performed on the 
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initial MIL-100(Fe) and PEDOT@MIL-100(Fe) composites (Figure 

2). The Brunauer-Emmett-Teller surface area (SBET) and 

micropore volume significantly decrease when the polymer 

content increases (Table 1, Figure 2 a, b), in agreement with the 

location of the PEDOT inside the MIL-100(Fe) cages. In addition, 

the Horvath-Karazoe (HK) pore size distribution plot shows a 

shift of the pore sizes to lower values; the pore diameter at ca. 

1.8 nm almost disappearing as a consequence of the PEDOT 

insertion (Figure 2a). The very low N2 sorption capacity of the 

PEDOT@MIL-100(Fe)-3 composite could be related with the 

presence of a significant amount of PEDOT out of the pores 

and/or adsorbed on the outer surface of the crystals, blocking 

the N2 access to the porosity.  

In this line, the presence of an important PEDOT content on the 

outer surface of the MIL-100(Fe) was confirmed by determining 

the ζ-potential of the particles. While the starting MOF exhibits 

a negative surface charge (-24 mV), the ζ-potential values of the 

composites become neutral (-1 mV for PEDOT@MIL-100(Fe)-1) 

or positive (around +35 mV for both PEDOT@MIL-100(Fe)-2 and 

3, respectively). This is in accordance with the presence of a 

positively charged polymer coating (free PEDOT ζ-potential = 

+32 ± 10mV) on the external surface of the MIL-100(Fe) 

particles. Therefore, the positive nature of the PEDOT may  

Figure 2. N2 sorption isotherms at 77K (a) and Horvath-Kawazoe plots (b) of the 
MIL-100(Fe) (black) and PEDOT@MIL-100(Fe)-1, 2 and 3 composites (blue, red and 
yellow, respectively). c) EPR spectra of MIL-100(Fe) (1, black color) and 
PEDOT@MIL-100(Fe)-2 (2, red color). d) Diffuse reflectance UV-Vis spectra of MIL-
100(Fe) (1), as-prepared PEDOT (2) and PEDOT@MIL100(Fe)-2 (3) 

indicate the presence of hole polarons, generated during the 

oxidative polymerization. The hole polarons are here associated 

to positively charged sulfur in the aromatic ring of the PEDOT. 

Interestingly, the EPR spectrum of PEDOT@MIL-100(Fe)-2 was 

able to determine the presence of partially oxidized PEDOT 

polarons (Figure 2), thus providing a rationalization of the 

observed positive charge at PEDOT@MIL-100(Fe)-2 surface.37 

The presence of PEDOT within the MIL-100(Fe) solid was also 

assessed by diffuse reflectance UV-Vis spectroscopy (Figure 2). 

As already reported, the length of the polaron chain in 

polythiophenes is related with its UV-Vis absorption.38 Thus, 

Figure 2 shows a broad visible absorption band extending 

beyond 800 nm that is attributed to the presence of PEDOT 

polarons. Note here the difference in the visible-near IR region 

between PEDOT and PEDOT@MIL-100(Fe)-2 (see figure 2d): 

free PEDOT shows a broad band centered at 550 nm that can be 

attributed to a short chain polaron, while the corresponding 

absorption band is shifted to near IR (700 nm) in the 

PEDOT@MIL-100(Fe)-2, in agreement with a longer polaron 

absorption.  

The structural integrity of MIL-100(Fe) in the PEDOT formation 

process was confirmed by PXRD before and after the PEDOT 

entrapment in the PEDOT@MIL-100(Fe)-1 and 2 composites, 

exhibiting the characteristic main reflections corresponding to 

the MIL-100(Fe) structure (Figure S4). Further, the decrease of 

the relative intensity of the first two Bragg peaks at 2θ values 

between 3 and 5 o is consistent with the filling of the pores by 

PEDOT chains. In the case of PEDOT@MIL-100(Fe)-3 composite, 

PXRD pattern shows an almost amorphous material with only a 

weak diffraction peak coming from the MIL-100(Fe) structure, 

probably due to the important amount of external amorphous 

PEDOT. This last result could also justify the absence of 

significant N2 sorption. Finally, conductivity measurements 

were undertaken on the powdered samples, comparing the 

PEDOT polymer ex situ as prepared with the empty MIL-100(Fe) 

Table 1. Textural properties, PEDOT content and -potential values of PEDOT, MIL-100(Fe) and PEDOT@MIL-100(Fe) 

composites. 

 
SBET 

(m2 g-1) 

Pore volume 

(cm3 g-1) 

EDOT: MIL100(Fe) 

(wt ratio) 

PEDOT 

loading 

(wt %) 

-potential 

(mV) 

MIL-100(Fe) 1210 0.54 - - -24 ±14 

PEDOT@MIL-100(Fe)-1 800 0.35 0.45 40 ± 6 -1 ±13 

PEDOT@MIL-100(Fe)-2 630 0.28 0.90 60 ± 9 35 ±15 

PEDOT@MIL-100(Fe)-3 155 0.20 1.80 80 ± 12 37 ±12 

Table 2. Electrical conductivity data of the materials 

Sample Conductivity (S·cm-1)* 

PEDOT 7.81·10-4 

MIL-100(Fe) 8.09·10-5 

PEDOT@MIL-100(Fe)-1 3.05·10-3 

PEDOT@MIL-100(Fe)-2 7.51·10-3 

PEDOT@MIL-100(Fe)-3 1.95·10-3 

PEDOT:PSS (Sigma-Aldrich) 3.74·10-3 

*All calculations were carried out at 1 V Potential 
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and the different PEDOT@MIL-100(Fe) composites. Table 2 

summarizes the electrical properties of the different materials 

studied.  

As expected, pristine MIL-100(Fe) pellets show lower 

conductivity compared with the PEDOT polymer, exhibiting a 

typical value around 8.09·10-5 S·cm-1. This conductivity is 10 

times lower than that of ex situ free PEDOT polymer (7.81·10-4 

S·cm-1). Notably, the conductivity of the PEDOT@MIL-100(Fe) 

composites was in all cases much higher, with an optimal value 

for PEDOT@MIL-100(Fe)-2 that was 10 times higher than the 

free PEDOT as polymer reference. Higher amounts of PEDOT 

(i.e. PEDOT@MIL-100(Fe)-3) are associated with the presence 

of an important content of PEDOT out of the MOF porosity, 

being detrimental to the conductivity. Figure 3 shows the J-V 

curves of pristine MIL-100(Fe), the as-prepared PEDOT and a 

representative sample of PEDOT@MIL-100(Fe)-2. The higher 

conductivity of the composite could be explained by two 

reasons: first, by a polymer arrangement within the MOF 

porosity, induced by the polymer chains confinement inside the 

cages and/or second, a higher doping level of the occluded 

PEDOT, exhibiting higher polaron charge. This last could be 

supported by the larger amount of Cl- anions remaining after 

the polymerization (Table S1), which would act as counter-

anions compensating the positive charge of the sulfur polaron. 

As a hypothesis, the iron clusters of the MIL-100(Fe) structure, 

with an already proven redox activity,35 could participate in the 

sulfur’s oxidation in the polymer, leading to the formation of 

additional polarons.  

In the literature, a higher conductivity value has been reported 

for PEDOT doped with polystyrene sulfonate (PEDOT:PSS), 

being this higher conductivity attributed to the alignment of the 

PSS doping chain.39 Similar reasons (alignment of the PEDOT 

within the MOF porosity and higher number of polarons) could 

explain here the high conductivity of PEDOT@MIL-100(Fe)-2 in 

comparison with the ex situ polymerized PEDOT. Further, this 

hypothesis would be also supported by the differences in the 

UV-Vis spectra of PEDOT and PEDOT@MIL-100(Fe)-2, as 

previously discussed (Fig. 2d).  

By further comparing our results with the previous reported 

PEDOT@MOF, our reached conductivity is slightly higher than 

the previously reported for the PEDOT entrapped within the 

chromium(III) terephthalate MIL-101(Cr) (7.5·10-3 vs. 1.1·10-3 

S·cm-1).28 This difference might be explained by the different 

nature of the employed polymer: Le Ouay and co-workers used 

I2 as polymerizing and oxidizing agent instead of FeCl3, and a 

non-redox Cr-based MOF matrix, which could lead to lower 

polaron density and thus, slightly lower conductivity.  

Taking into account the above disclosed data, PEDOT@MIL-

100(Fe)-2, which exhibits a good PEDOT insertion (60 wt%) 

within the MOF porosity and the highest conductivity value, was 

selected to carry out a deep structural and electrochemical 

characterization. It should be noted that the conductivity 

measurements prepared in this work have been carried out 

using pressed pellets of the different materials. Based on 

previous reports, it would be expected that the preparation of 

compact thin films with smooth and homogeneous structure 

facilitates the movement of charge carriers among the polymer 

chains and, therefore, the resulting conductivity values.40 
Figure 3. J-V plot corresponding to PEDOT (a), MIL-100(Fe) (b) and PEDOT@MIL-
100(Fe)-2 (c). 

Advanced structural characterization 

 

To gain some insight about the accommodation of PEDOT in the 

MIL-100(Fe) cavities that could explain the high conductivity 

exhibited by this composite, a combined experimental (FTIR, 

XPS, PXRD and PDF analysis) and computational (Monte Carlo 

and DFT) approach was carried out (see experimental section). 

XPS analysis comparing Fe2p peak of fresh MIL-100(Fe) and 

PEDOT@MIL100(Fe)-2 shows in both cases the exclusive 

presence of Fe(III) in the same distribution of coordination 

spheres. Figures S5 and S6 show the experimental peaks for the 

different elements as well as the best deconvolution to 

individual components for MIL-100(Fe) and 

Table 3. Main distances in simulated EDOT and PEDOT 

 

Distance (Å) EDOT PEDOT 

C1-C2 

C2-C5 

C2-O 

1.4 1.4 

S-C1 1.8 1.8 

C1-C5 

C2-C3 

C2-C4 

2.5 2.5 

S+-Cl- - 2.8 

S-Cl- - 3.6 & 4.5 

S-O 3.8 3.8 

S-C3 4.8 4.8 

PEDOT stacking - 5.1 
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PEDOT@MIL100(Fe)-2, respectively. Of note the presence of Cl 

in the case of PEDOT-MIL-100(Fe)-2 that was absent in the MIL-

100(Fe). Computational calculations should allow to attribute 

the experimental data to specific PEDOT conformations and 

interactions with other PEDOT chains of solid matrix. In 

addition, it allows also to determine the maximum PEDOT 

loading inside the MIL-100 voids. Ex situ PXRD patterns (Figure 

S7) were collected at the CRISTAL beamline (SOLEIL synchrotron 

source) by using glass capillaries filled with the EDOT, PEDOT, 

empty MIL-100(Fe), EDOT@MIL-100(Fe) and PEDOT@MIL-

100(Fe)-2 (solids were previously dehydrated at 120ºC 

overnight; see experimental section).  

First, PDF analysis was carried out on the isolated EDOT and 

PEDOT (Figure S8 and S9, see experimental details), comparing 

with the DFT simulated PDF obtained on the molecular models 

corresponding to the chemical formula given in the Molecular 

Simulation Section. This first step aims to generate a realistic 

configuration in order to identify and assign the main peaks 

corresponding to the main atomic distances observed in the 

conformation of the polymer (Table 2). Experimental and 

simulated PDF of the free EDOT moiety are in very good 

agreement, consistently assigning all the distances (Figure S8 

and Table 3). PDF oscillations vanish after the longest S-C3 

distance in the molecule, indicating the absence of 

intermolecular structural correlations. For PEDOT, the PDF 

oscillations persist up to 50 Å (Figure S9), which can be 

attributed to structural correlations along the polymeric chains. 

Although most of the short range atomic distances of PEDOT are 

similar to those ones in the EDOT (Figure S8 and Table 3), 

confirming the integrity of the monomeric units, some 

differences can nevertheless be observed after polymerization: 

i) a new intense peak appears at around 2.2 Å and may 

correspond to Fe-Cl distances (RFe-Cl2.14),41 associated with 

the presence of residual iron chloride, either as FeCl3 (added for 

the polymerization) or in nodal positions. This hypothesis was 

further supported by the quantitative analysis of residual iron 

in the free PEDOT, despite the extensive washing (Table S1), and 

by the absence of this peak in the simulated PDF (not 

considering this impurity); ii) the intensity decrease for the peak 

corresponding to C1-C5, C2-C3, and C2-C4 could be explained by 

the higher electron density of the residual iron; iii) a shoulder at 

ca. 2.8 Å, which might correspond to the formation of an 

additional interaction between the S+ and Cl-, in concordance 

with the simulated distance (2.6-2.7 Å); iv) two additional 

intense broad peaks at ca. 3.6 and 4.5 Å might be also related 

with the distances between the chlorine and neutral sulfur from 

the neighbor monomers, in agreement with the simulated 

distances (3.3-3.9 and 4.6-4.8 Å; Figure S9); and v) the very 

broad peak at around 5.5 Å in the free EDOT seems to be shifted 

to a sharper peak at ca. 5.1 Å, which might correspond to the 

PEDOT stacking distances, as suggested by the DFT simulation 

with distances between 4.9 and 5.2 Å (Figure S9) and in 

agreement with a more fixed conformation.  

Then, the pristine and EDOT or PEDOT encapsulated MIL-

100(Fe) solids were compared. In order to obtain a more precise 

structural model of the MIL-100(Fe) framework, Rietveld 

refinement of the empty phase using synchrotron PXRD  

Figure 4. Subtracted PDF contribution of the PEDOT in the PEDOT@MIL-100(Fe)-
2 compared with the free PEDOT and aromatic rings of the MOF and the PEDOT. 

 

(CRISTAL beamline, SOLEIL) was initially undertaken, 

considering organic ligands as rigid bodies. The comparison of 

the unit cell parameter of the empty phase (a = 73.33(4) Å) with 

that of the PEDOT-containing MIL-100(Fe) (a = 73.04(4) Å) 

(decrease of about 0.4%), led us to assume that the MOF 

framework should not be strongly affected by the EDOT/PEDOT 

encapsulation. However, a clear peak broadening can be 

observed for the encapsulated compounds, which indicates a 

loss of structural coherence related to EDOT and PEDOT 

insertion. In order to extract the PDF of the encapsulated 

moieties, the differences between the PDFs of encapsulated 

and MIL-100(Fe) samples were computed. To take into account 

the effect of the change of coherence length, the PDFs were 

corrected by using a spherical envelope function and scaled 

before subtraction. When the differential PDF of the MIL-

100(Fe) is further compared with that one of the PEDOT@MIL-

100(Fe)-2 (Figure S10), only slight differences can be observed. 

This finding indicates that the MOF framework remains 

unaltered after PEDOT entrapment, allowing to subtract the 

MOF framework contribution to the EDOT@ and PEDOT@MIL-

100(Fe)-2 samples in order to extract more precise information 

about the EDOT and PEDOT conformation inside the MIL-

100(Fe) pores (Figure S11). Thus, on the whole, EDOT 

conformation at the free state and confined within the MIL-

100(Fe) porosity is quite similar (Figure S11, top). However, an 

additional new peak at ca. 3.6 Å appears in the encapsulated 

EDOT, which might be associated to the formation of 

interactions between the EDOT molecule and the MIL-100(Fe) 

matrix, as further supported by the simulation, in which 

additional interactions are established between the carbon (C1,6 

and C2,5) and oxygen atoms of the EDOT, and the aromatic ring 

and the carbon from the carboxylate group of the MOF, 

respectively. Additional hydrogen bonding interactions at 

around 2.8 Å are also evidenced by simulation, although not 

visible in the PDF analysis due to the negligible scattering power 

of hydrogen. In addition, the peak probability at around 5.5 Å 

might be due to some interactions between different EDOT 

molecules inside the MOF pores, as a consequence of the 

confinement effect. Other differences concern the slight 
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elongation of the 4.2 Å distance and the appearance of new 

distance probabilities at longer range (5-7 Å), consistent with 

the presence of inter-monomer interactions. 

Finally, when comparing the conformation of the PEDOT free or 

encapsulated within the MIL-100(Fe) (Figure 4), one can also 

observe important similarities, indicating a related 

conformation. The long range oscillations of the PDF (Figure 

S11) appear to be quite similar, which indicates that the 

encapsulated PEDOT maintains a long range structural 

coherence, close to that in the free state. This is fully rational 

considering the high PEDOT content inside the mesoporous 

cavities (corresponding to 37 ± 6 and 58 ± 9 monomers per small 

and large cage, respectively; Table S1), which might lead to only 

a PEDOT fraction directly interacting with the pore wall and a 

second fraction interacting between them. However, some 

differences, as a consequence of the confinement effect, can be 

observed between the PEDOT@MIL-100(Fe)-2 and the free 

PEDOT. First, the distances corresponding to the first C-C 

neighbors (1.4 Å) and S-C distance (1.8 Å) are slightly 

contracted while the peaks at 2.2 and 2.5 Å are elongated, 

supporting a conformational change of the PEDOT heterocycles, 

in agreement with the polymer arrangement within the pores. 

Interestingly, the distance S+ - Cl- is initially longer (2.8 vs. 3.0 

Å), which could partially explain the higher conductivity of the 

PEDOT@MIL-100(Fe)-2 composite. The modification of the 

relative intensity at around 3.7 Å (as well as slight changes at 

larger distances, 5 and 8 Å) could be explained by the 

formation of polymer-matrix interactions, similarly to the 

EDOT@MIL-100(Fe) and in agreement with the molecular 

simulations. In particular, Monte Carlo simulations evidence 

weak interactions between the PEDOT-C1,6 and the MOF-

aromatic ring (3.8 Å), and the PEDOT-neutral sulfur and the 

oxygen from the carboxylate group of the MOF (3.5 Å), as well 

as between the PEDOT-oxygen atoms and the carbon from the 

carboxylate group of the MOF (3.7-3.8 Å), respectively. Keeping 

that in mind, in Monte Carlo simulations, the conformation of 

the PEDOT is not modified and can explain discrepancies 

between experimental and theoretical results. In this context, 

FTIR analysis confirms the presence of the PEDOT within the 

MOF by observing additional bands corresponding to the 

polymer (highlighted with * in Figure S12). Although difficult to 

assign due to the intrinsic disordered polymer characteristics, 

the presence of these bands provide experimental support of 

the formation of weak PEDOT-matrix interactions, as previously 

observed by PDF and molecular simulations. Thus, a shift to 

lower wavenumbers in the bands of the carboxylate group and 

trisubstituted aromatic ring of the trimesate ligand of the MOF 

(1650, 1460, 1370, 770 and 710 cm-1), suggests the presence of 

weak interactions between the PEDOT and the carboxylate 

groups and aromatic rings of the MOF. On the whole, it is 

accepted that immobilization of different species within a 

porous matrix increases the stability of the guest by stablishing 

diverse host-guest interactions.42–45 This called “confinement 

effect” is here observed: all these proposed PEDOT-MOF 

interactions (C1,6-aromatic ring, S-O, O-C) lead to the 

confinement of the PEDOT inside the MIL-100(Fe) porosity, 

protecting the polymer and increasing its stability. 

Electrochemical and electrochromic properties 

The electrochemical behavior of the PEDOT and PEDOT@MIL-

100(Fe)-2 composite deposited on fluorine doped tin oxide 

(FTO) conducting electrodes was investigated. Cyclic 

voltammetry studies were initially performed to evaluate the 

electrochemical stability of the PEDOT and PEDOT@MIL-

100(Fe)-2. Figure 5 shows the cyclic voltammograms after 50 

cycles using LiClO4 and acetonitrile as electrolyte. The shape of 

the curves is very similar, exhibiting the characteristic oxidation 

and reduction peaks at about 0.6 and -0.6 Volt, respectively. 

However, a decrease of 30% of the current with respect to the 

initially measured current is observed in the case of the free 

PEDOT polymer (Figure 5). In the case of the PEDOT-containing 

MOF, the reduction and oxidation current diminishes about 

10%, indicating that the structure of the MOF provides a 

substantial protective effect to the intrinsically instable PEDOT. 

We also studied the electrochromic properties of PEDOT and 

PEDOT@MIL-100(Fe)-2 samples deposited by screen printing 

on transparent conducting FTO electrodes. First of all, we 

measured the absorption changes in the absorption spectra 

upon electrochemical oxidation/reduction conditions. Figure 6 

shows the absorption spectra of the films, which were obtained 

by applying a constant potential of + 1 V for oxidation and -1 V 

for reduction. Oxidation of the polymer shows a decrease in the 

absorbance throughout the visible region since the color 

changes from a dark blue absorbing state (reduced form) to a 

sky blue (oxidized form). Also, we observe different absorbance 

maxima in the absorbing state with values of 600 and 550 nm 

for the PEDOT and PEDOT@MIL-100(Fe)-2, respectively. On the 

other hand, the optical switching properties of these materials 

were evaluated by repeated potential steps between their 

reduced and oxidized states. In .these studies, the variation of 

the absorption of the material films was monitored as a function 

of time at a constant wavelength (600 nm). As depicted in Figure 

6, the evolution of the optical absorption changes demonstrates 

a good switching behavior of the PEDOT@MIL-100(Fe)-2 

composite. These experiments conclusively show that 

PEDOT@MIL-100(Fe)-2 composite exhibits a better 

electrochromic behavior than the reference, free PEDOT 

polymer, since after 20 cycles the changes of the absorbance 

were practically negligible.  

Figure 5. Top: Cyclic voltammetry of layers of PEDOT (a) and PEDOT@MIL-100(Fe)-
2 (b) after 50 cycles between 1.5 to -1.5 Volt at 100 mVs-1 scan rate. Bottom: Main 
electrochemical parameters of PEDOT and PEDOT@MIL-100-2 after 50 or 20 
cycles 
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Figure 6. UV-Vis spectroelectrochemistry for PEDOT (a) and PEDOT@MIL-100(Fe)-
2 (b) deposited films on FTO showing their reduced and oxidized states. 
Electrochromic switching monitoring the optical absorbance changes at 600 nm of 
PEDOT (c) and PEDOT@MIL-100(Fe)-2 (d) acquired by repeated potential steps 
between -1 V (reduced) and 1 V (oxidized) in 0.1 M LiClO4 and acetonitrile.  

 

However, in the case of the free PEDOT, a decrease about 20 % 

in the response after the same number of cycles was observed. 

Therefore, these results are consistent with the previous 

voltammetry studies, confirming a higher stability in the case of 

the PEDOT@MIL-100(Fe)-2 composite. 

Furthermore, the stability of the films employed for the cyclic 

voltammetries or for the electrochromic measurements was 

evaluated by PXRD and SEM-EDX, focused ion beam SEM (FIB-

SEM) and atomic force microscopy (AFM) measurements. PXRD 

patterns show that, in both cases, the characteristic diffraction 

peaks of the PEDOT@MIL-100(Fe)-2 solid after 50 or 20 cycles 

for the voltammetric or electrochromic. measurements, 

respectively (Figure S13). The poor intensity observed in the 

fresh and cycled films used for the electrochromic 

measurements is due to the low amount of composite 

deposited in the FTO support. 

SEM-EDX images, collected in two perspectives (flat surface and 

cross-section; see Figures S14 and S15), show a surface with a 

homogeneously distributed material before and after the 

voltammetric or electrochromic measurements, evidencing a 

good stability and adhesion of the composite films to the 

support. The spatial distribution of the elements in the 

composite film, evaluated by EDX mapping analysis, also 

evidences a regular distribution of the MOF solid (see Fe, C and 

O) and the PEDOT (see S, Cl, C and O) both at the surface and 

through the cross-section before and after voltammetric or 

electrochromic evaluation. Note that the presence of F, Sn and 

Si corresponds to the FTO composition. Finally, FIB-SEM (Figure 

S16) and AFM (Figure S17) images of the initial PEDOT@MIL-

100(Fe)-2 film show a 730 nm-thickness homogeneous layer 

with a roughness 300 nm. After cyclic voltammetry (50 cycles), 

the films present an unaltered thickness with a slight increase 

of the roughness ( 350 nm), confirming the stability of the 

sample (Figure S16-17). These observations support the good 

cyclability of the composite upon both measurements.  

Conclusions 

The highly conducting polymer PEDOT was successfully 

entrapped (reaching remarkable capacities; 60 wt%) within the 

benchmarked nontoxic MIL-100(Fe) mesoporosity using an 

efficient and simple two-step process: by initially encapsulating 

the EDOT monomer followed by its in situ oxidative 

polymerization within the MOF pores. The resulting 

PEDOT@MIL-100(Fe) composite exhibits an electrical 

conductivity 10 times higher than the free polymer, as a 

consequence of the nanoarrangement of the PEDOT inside the 

MOF, associated to a larger interatomic distance between the 

S+ and the Cl- in the polymer. Remarkably, this stable composite 

presents interesting electrochemical and electrochromic 

properties derived from the polymer with, however, enhanced 

cyclability and optical switching due to a protective effect of the 

MOF matrix. These results pave the way for the development of 

novel robust optoelectronic polymer-MOF devices and their 

application in cutting-edge technological areas (e.g. energy 

efficient buildings, solar energy, reflecting surfaces). 

Experimental section 

Synthetic procedures:  

Materials: All the reagents and solvents used in this work were 

of analytical grade (excepting the anhydrous acetonitrile which 

was HPLC grade) and supplied by Sigma-Aldrich. 

PEDOT: PEDOT was prepared following previously reported 

procedures.46 Briefly, an acetonitrile solution of EDOT (135 μL, 

1.267 mmol) was introduced in a Schlenk tube and purged with 

N2 for 15 min. The oxidative polymerization of EDOT was carried 

out by the addition of a solution of anhydrous FeCl3 (2.877 

mmol per 1.267 mmol of EDOT) in anhydrous acetonitrile under 

inert atmosphere. After 18 h under stirring, the obtained dark-

blue solid was washed with acetonitrile, distilled water and 

ethanol. Finally, the solid was dried in an oven at 100 °C for 24 

h. 

MIL-100(Fe): MIL-100(Fe) (Fe3O(OH)(H2O)2(C9H3O6)2) was 

synthetized according to reported procedures.47 Briefly, the 

corresponding amounts of triethyl 1,3,5-benzenetricarboxylate 

(6.6 mmol; lab prepared, see below) and FeCl3·6H2O (10 mmol) 

were added to a Teflon-lined autoclave (125 mL) together with 

50 mL of distilled water. The autoclave was heated at 130 °C 

from room temperature (RT) in 1 h and then, maintained at this 

temperature for 72 h. After cooling to RT, the obtained orange 

material was filtered, recovered and dried in an oven at 100 °C 

overnight. 

The as-synthesized MIL-100(Fe) solid was first washed in 150 mL 

of milliQ water per gram for 3 h under reflux and then, with 150 

mL per gram of absolute ethanol for 3 h under reflux. Then, it 

was suspended in a 0.1 M KF solution (50 mL per gram of 

product) at 70 °C for 3h. The last washing step consisted on a 
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suspension of the solid in milliQ water (150 mL per gram) at RT 

for 2 h. Finally, the solid was dried in an oven at 100 °C for 24 h. 

Triethyl-1,3,5-benzenetricarboxylate: The ester derivate of the 

MIL-100 linker was prepared adding 5 g of trimesic acid in 100 

mL of absolute ethanol with 2 mL of H2SO4 (98%) in a 250 mL 

round bottom flask at 90 °C for 24 h. After cooling to RT, a white 

solid was filtered, washed with diethyl ether and dried at 80 °C 

overnight. 

EDOT encapsulation in MIL-100(Fe): 200 mg of the previously 

dehydrated MIL-100(Fe) (dried at 100 °C for 24 h) were 

introduced in a 50 mL-Schlenk tube. The system was heated at 

150 °C under vacuum for 3 h to remove the adsorbed water in 

the solid. After cooling-down at RT, the required amount of 

monomer (45, 90 or 180 in wt% with respect to the MIL-

100(Fe)), previously dissolved in acetonitrile or hexane and 

purged with N2, was added to the Schlenk tube. The system was 

magnetically stirred for 4 h under N2. Then, the suspension was 

filtered, reintroducing the solid (EDOT@MIL-100(Fe)) in a 

Schlenk tube for the following polymerization. 

PEDOT polymerization in the MIL-100(Fe): The Schlenk tube 

containing the EDOT@MIL-100(Fe) solid was submitted to two 

vacuum/N2 cycles at RT. Then, a previously N2-purged solution 

of anhydrous FeCl3 in anhydrous acetonitrile was added. After 

16 h of reaction under stirring in N2 atmosphere, the resulting 

material was washed thoroughly with acetonitrile, water and 

ethanol. Finally, the solid was dried at 100 °C for 24 h. 

Characterization:  

High-resolution synchrotron powder diffraction experiments 

were carried out at the CRISTAL beamline, SOLEIL Synchrotron 

(Gif-sur-Yvette, France). A monochromatic beam was extracted 

from the U20 undulator beam by means of a Si(111) double 

mono-chromator. Its wavelength of 0.51368 Å was refined from 

a LaB6 (NIST Standard Reference Material 660a) powder 

diagram recorded just before the experiment. High angular 

resolution in the diffracted beam is obtained with a 21-perfect 

crystals Si (111) multi-analyzer. The sample was loaded in a 0.7 

mm capillary (Borokapillaren, GLAS, Schönwalde, Germany), 

dehydrated at 120 °C overnight and sealed. Then, the capillary 

was mounted on a spinner rotating at about 5 Hz to improve 

particle averaging. Diffraction data were collected in less than 4 

h in continuous scanning mode and the diffractogram was 

obtained from the precise superposition and addition of the 21 

channels data. The Rietveld refinements of the powder X-ray 

diffraction (PXRD) patterns were carried out using the Topas 

program (Topas V5: General Profile and Structure Analysis 

Software for Powder Diffraction Data, Bruker AXS Ltd. 2008). 

For Pair Distribution Function (PDF) analysis, the data were 

collected on the same samples and at the same energy, but in 

order to improve counting statistics and maximum Q=4π.sinθ/λ, 

a XPAD3.2 hybrid pixel 2D detector was used. Diffraction images 

were collected every degree from 0 to 120° 2θ, with a 10 s 

exposure time. This procedure was repeated up to 8 times for a 

total of 2.7 h. The images were then corrected, integrated and 

summed to yield 1D powder diffraction patterns with Qmax = 20 

Å-1 using the software ImageReducerCristal developed at 

SOLEIL. Similar data were also collected for an empty capillary 

and Nickel and LaB6 standard samples for background 

subtraction and determination of the instrument resolution 

function. The PDFs were obtained with the PDFGetX3 

software.48 As an example of the data quality, the fit of the PDF 

for the Ni standard sample up to 50 Å using PDFGUI49 is shown 

in the SI (Figure S18). 

PXRD routine patterns were collected using a D8 Advance 

Bruker diffractometer with Cu Kα1 radiation (λ = 1.54056 Å) 

from 3 to 25° (2θ) using a step size of 0.02° and 2.5 s per step in 

continuous mode. Nitrogen sorption isotherms were collected 

at 77 K using a BEL sorp Mini (Bel, Japan). Prior to the analysis 

the samples were activated at 130 °C under primary vacuum for 

3 h. Fourier transformed infrared (FTIR) spectra were collected 

in the 4000 to 400 cm-1 range using a Thermo Nicolet 6700 FTIR 

with ATR accessory instrument (Thermo scientific, USA). 

Thermogravimetric measurements (TGA) were performed on a 

Perkin Elmer Diamond TGA/DTA STA 6000 in the 25 -600 °C 

range under at 5 °C/min and an O2 flow of 20 mL min−1. Fe 

content was quantified using an induced coupled plasma atomic 

emission spectrometer (ICP-OES) 2300 DV from Perkin Elmer. 

Elemental analyses were carried out in a Flash 2000 analyzer 

from Thermo Scientific. ζ-potential values of PEDOT, MIL-

100(Fe) and PEDOT@MIL-100(Fe) suspensions in Milli-Q water 

(10 mg L-1) were measured using a Malvern Zetasizer instrument 

(Nano series). Morphology and microanalyses of the samples 

were analyzed using a scanning electron microscope (SEM) 

coupled with a EDX detector (Oxford instrument and Hitachi 

TM-1000) and coupled to a FIB instrument. The thickness and 

roughness of the MOF films were measured using an AFM 

instrument working in contact mode in air at ambient 

temperature using a Veeco apparatus operating in tapping 

mode. Electron paramagnetic resonance (EPR) spectra of solid 

samples previously degassed were recorded on a Bruker EMX 

spectrometer working at 9.803 GHz, sweep width 3489.9 G, 

time constant 40.95 ms, modulation frequency 100 kHz, 

modulation width 1 G, microwave power 19.92 mW. Diffuse 

reflectance UV-Vis measurements were recorded in a Perkin 

Elmer (Lambda 19) equipped with an integrating sphere. 

Remarkably, PEDOT@MIL-100(Fe) films were stable for > 6 

months stored under ambient conditions (relative humidity  

55%, 20ºC, atmospheric conditions and unprotected from light). 

X-ray photoelectron spectroscopy (XPS) measurements were 

carried out on a SPECS spectrometer equipped with an MCD-9 

detector using a monochromatic Al X-ray source (Kα= 1486.6 

eV). CASA software has been used for spectra deconvolution 

setting at 284.4 eV the C1s peak as reference.  

Molecular simulations:  

Density Functional Theory (DFT) calculations have been 

performed to elucidate the intrinsic conformation of the two 

molecules EDOT and PEDOT. For that purpose, a geometry-

optimization has been performed on molecular models using 

DMol3 software and the PBE GGA density functional combined 

with double numerical basis set containing polarization 

functions on hydrogen atoms (DNP).50 In addition, all electrons 

have been taken into account. The comparison of the results 

with DFT calculations considering the Grimme method for DFT-
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D shows no difference. The convergence criteria for energy (10-

5 Ha), maximal force (0.002 Ha/Å) and maximal displacement 

(0.005 Å) allows the calculations to reach the global minimum 

and propose the plausible conformations of the molecules. In 

the case of PEDOT, two models have been tested: a simple 

structure (C18H14O6S3Cl) and a double structure in order to 

estimate the impact of long distance modifications. In addition, 

two kind of configurations (see Figure S19) have also been 

compared regarding the organization of the cycles one to 

another. From the DFT calculations, it follows that the 

conformation corresponding to the Figure S17b is the most 

stable. Furthermore, a calculation on a stacking of two EDOTs 

or PEDOTs has also been performed to estimate the interaction 

distance between neighbor polymer units. 

Using such calculations, it is therefore possible to extract the 

partial charges using the ESP method for both EDOT and PEDOT 

(see SI for partial charges for the molecular models; Figure S19). 

In complement to the DFT calculations, Grand Canonical Monte 

Carlo (GCMC) simulations using SORPTION software have been 

performed to estimate the maximal amount adsorbed in the 

MIL-100(Fe) structure and to evaluate the main interaction 

existing between the EDOT/PEDOT and the MIL-100(Fe) 

framework, which is impossible by DFT calculations due to the 

size of the unit cell of the MOF. For that purpose, a simulation 

box containing the MIL-100(Fe) structure model (see Figure 

S20) issued from the literature has been used.32 The pristine 

MIL-100 model considered in this study was obtained from the 

reported structure optimized using classical force field 

combining partial charges and Lennard-Jones parameters. ESP 

charges calculated previously by DFT for EDOT/PEDOT are 

combined with charges issued from equalization 

electronegativity method51 for MIL-100(Fe) (calculated using 

Materials Studio) to evaluate the electrostatic interaction. For 

the van der Waals interaction, Universal Force Field (UFF) has 

been used for the 12-6 Lennard Jones (LJ) atomic parameters.52 

LJ interatomic potential has thus been calculated using the 

Lorentz-Berthelot combining rule with a cut-off radius equal to 

12 Å. In contrast, the long range electrostatic interactions were 

calculated using the Ewald summation technique. 

In order to probe the confinement of the EDOT/PEDOT 

molecules, their insertion was investigated by Grand Canonical 

Monte Carlo simulations. GCMC calculations have been 

performed at 300 K with typically 5 millions of Monte Carlo 

steps for equilibration and 1 million steps for production. From 

these calculations, the plausible configurations of the 

EDOT/PEDOT molecules adsorbed on the pores surfaces of the 

MIL-100(Fe) framework can be determined as well as the main 

interactions governing the adsorption of these molecules. 

Note here that, by validating computing simulations with 

experimental data provided by PDF analysis and IR, allow to 

identify interatomic distances and provide relevant information 

of PEDOT conformation and host-guest interactions at the 

atomic level.  

Conductivity measurements:  

All the conductivity measurements were performed in a home-

made system using a sourcemeter Keithley 2601 connected 

with a PC using LabTracer software that controls the scan and 

also provides data storage capability. The sourcemeter was 

previously calibrated by using a copper foil as a standard. A 

detailed schematic description of the equipment has been 

previously published.53 Briefly, 20 mg of each powdered sample 

were placed in a sample holder of 13 mm diameter between 

two polished steel pellets that allows pressurizing during the 

measurements. The samples were pressed at 8 Ton·cm-2 with a 

pneumatic press piston and the electrical conductivity was 

measured between the top and bottom metallic surface of the 

press holder at 25°C. For the sake of comparison, commercial 

PEDOT:PSS (Aldrich 483095-250G) was characterized upon the 

same conditions by drying and grinding in powder. Thickness of 

the pressed samples was measured by using a Mitutoyo 

instrument with an accuracy of ± 0.0001 in 2 µm. 

Electrical resistivity of the materials was calculated by using the 

equation 1 and using the resistance (R) calculated at 1 V with 

the dimensions of the pressed pellet, the thickness is the length 

and the area was calculated from the diameter of the 

conductive pellet. 

ρ = R·a/l                              Eq. 1 

where R is the resistance, l the thickness and a the area of the 

circular pellet (13 mm diameter). 

Since the electrical conductivity is the reciprocal of the 

resistivity, was calculated by taking the inverse of resistivity 

(σ=1/ρ). 

Electrochemical and electrochromic experiments:  

The electrochemical experiments were performed using an 

AMEL 7050 potentiostate. A fluorine-doped tin oxide (FTO) 

substrate coated by screen-printing with a paste of the material 

(10 wt.% in terpineol) was used as working electrode. 

Electrochromic experiments were carried out in a 0.1 M lithium 

perchlorate solution in acetonitrile and using a three-electrode 

configuration with a platinum wire as the counter electrode and 

saturated Ag/AgCl as the reference electrode. A home-made 

quartz electrochemical cell mounted in a VARIAN CARY 300 

SCAN UV-Vis spectrophotometer was used for monitoring the 

absorption changes upon bias potential application. For the 

changes in the absorption spectrum scans from +1 to -1 V were 

carried out. For the electrochromic switching, the 

spectrophotometer was fixed at 600 nm and sequential cycles 

applying voltages of +1 and -1 Volt with a duration of 60 s for 

recording color changes. Note that all the experiments were 

performed under ambient conditions (under air and moisture) 

and using non anhydrous AcN, supporting the stability of the 

PEDOT@MIL-100(Fe) films under moisture.”. 
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