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ABSTRACT: Host-guest interactions control the fundamental processes in porous materials for many applications such as gas 

storage and catalysis. The study of these processes, however, is not trivial, even if the material is crystalline. In particular, metal-

organic frameworks (MOFs) represent a complex situation since guest molecules can interact with different parts of the organic 

linkers and the metal clusters and may alter the details of pore structure and system properties. A prominent example is the so-called 

retrofitted MOF material TCNQ@Cu3(BTC)2 that has attracted a lot of attention due to its electronic properties induced by the host-

guest interactions. Only recently, structural evidence has been presented for a bridging binding mode of TCNQ to two Cu paddlewheel 

units, however many issues regarding the redox chemistry of Cu3(BTC)2 and TCNQ are currently unsolved. Herein, we report a 

powerful spectroscopic approach to study the host-guest chemistry of this material. Combining IR spectroscopy in the presence of 

CO and EPR spectroscopy, we found that the intrinsic Cu(I) defects of the host react with the guest forming TCNQ radical anions. 

This chemistry has profound implications, in particular with respect to the performance of TCNQ@ Cu3(BTC)2 as an electronic 

conductor. A decreasing availability of open Cu(II) sites with increasing TCNQ loading proves the coordinative binding of TCNQ to 

the paddlewheel nodes, and a heterogeneous structure is formed with different TCNQ arrangements and pore environments at low 

TCNQ loadings. Finally, the combined use of spectroscopic characterization techniques has proven to be, in general, a powerful 

approach for studying the complex chemistry of host-guest materials. 

Introduction 

Porous materials play an important role in fundamental 

research and large-scale industry applications. From activated 

carbon in exhaust hoods to zeolites for catalytic cracking of 

hydrocarbons, all materials share high surface areas and pore 

volumes that allow guest molecules to diffuse and adsorb.1 A 

newer class of porous materials named metal-organic 

frameworks (MOFs) has attracted tremendous attention for use 

in applications like gas storage, separation and catalysis.2,3 

Particularly, MOFs with coordinatively unsaturated metal sites, 

so-called open metal sites (OMSs), bear great potential 

compared to their closed coordination-shell analogues, as they 

typically feature high heats of adsorption and intrinsic reactive 

centers for catalysis.4–6 Moreover, the OMSs can serve as 

anchoring point for other species that are introduced into the 

MOF post-synthetically, e.g. for medical applications.7 

Recently, retrofitting was introduced as a concept, in which 

metal nodes with OMSs or labile monotopic ligands are bridged 

by additional linkers to fine-tune physicochemical properties.8,9 

In all cases, the OMS of the MOF is involved in an interaction 

with the guest molecule, whose nature is typically difficult to 

assess. Crystallographic characterization, for example, requires 

a uniform distribution of the guest molecule with long-range 

order throughout the crystal lattice. In many cases, however, the 

guest occupies only a portion of the available coordination sites 

and thus characterizes rather as a defect to the parent structure 

that cannot be determined by standard single crystal X-ray 

diffraction experiments. Even at high occupancies, structure 

determination can be challenging due to small sizes of the 

crystallites. In some cases, it is possible to track the presence of 

guests by powder X-ray diffraction (PXRD).9,10 For example, 

Cu3(BTC)2 (HKUST-1, BTC = 1,3,5-benzenetricarboxylate), 

which is constructed from dimeric Cu(II) paddlewheel units and 

tritopic BTC linkers, exposes OMSs at the Cu centers after 

removal of solvents through thermal treatment.11,12 As the Cu 

centers are all located in the crystallographic (111) plane, the 

intensity of the corresponding Bragg reflection is sensitive to 

adsorption of guests,10 and was used to prove the bidentate 

binding of TCNQ (7,7,8,8-tetracyanoquinodimethane) to two 

neighboring Cu paddlewheels (see Figure 1a).13 This particular 

host-guest material, TCNQ@Cu3(BTC)2, arose significant 

interest in the MOF community in the context of electrical 

conductivity, including various experimental and 

computational studies aiming at elucidating the conductivity 

mechanism.14–17 However, without a profound understanding of 



 

the host-guest chemistry of the material, accurate structure-

property relationships cannot be derived. In a previous study, 

we found that the TCNQ loading by infiltration using methanol 

as the solvent results in a transformation of Cu3(BTC)2  to yield 

CuTCNQ.18 Motivated to exclude any external influences like 

solvent and moisture, some of us developed a vacuum loading 

that allows vapor phase transport of precise molar quantities of 

TCNQ for adsorption into the framework. Despite the 

formation of a small amount of CuTCNQ byproduct on the 

surface of the MOF crystallites, this approach allows thorough 

investigation of the host-guest structure.13 However, given the 

intrinsic complexity of the Cu3(BTC)2 system involving 

framework defects such as Cu(II)-Cu(I) sites after thermal 

treatment (i.e. activation),19,20 interacting with a redox-active 

guest molecule (see Figure 1b), a comprehensive understanding 

of the obtained host-guest material in dependence of the 

synthesis conditions is still not available. For instance, some 

techniques only provide limited information; X-ray photon 

absorption (XPS) spectroscopy showed evidence of Cu(I) 

species,13 but only probes the surface and not the bulk of the 

crystallites. Therefore, the use of different and more elaborate 

experimental techniques is necessary. One of these advanced 

tools is infrared (IR) spectroscopy of adsorbed probe molecules, 

which has shown great potential as a characterization 

technique,21,22 especially for MOFs containing OMSs such as 

Cu3(BTC)2.
23,24 Furthermore, electron paramagnetic resonance 

(EPR) spectroscopy has proven to give important insights about 

the nature and electronic structure of magnetic species in Cu-

based MOFs.25–30 For example the magnetic coupling and 

interactions of Cu(II)-Cu(II) paddlewheel units were 

characterized in detail by EPR for Cu containing MOFs.25,26In 

addition, EPR was used to study monomeric Cu(II) defects in 

Cu paddlewheel-based MOFs,27–29 as well as the adsorption of 

non-magnetic or radical species on Zn-doped and pristine 

Cu3(BTC)2. 
31,32 

Herein, we aim to draw a clearer picture of the interactions 

between TCNQ and the host framework, the redox chemistry 

that is involved during the infiltration, and the pore chemistry 

of the resulting material. Therefore, we used IR spectroscopy 

exploiting the power of carbon monoxide (CO) as probe 

molecule to discriminate among framework Cu sites of very 

similar nature. By monitoring the vibration frequencies of 

adsorbed CO, we were able to perform a qualitative and 

partially quantitative evaluation of the different Cu sites 

Figure 1. Pore chemistry in TCNQ-loaded Cu3(BTC)2. In the 

idealized picture (a) all Cu paddlewheels are bridged by TCNQ to 

form one-dimensional arrays along the (111) crystal lattice. For a 

realistic description of the arrangement of TCNQ (b), also non-

coordinated TCNQ (left) and TCNQ in interaction with intrinsic 

framework defects such as missing linker defects (right) must be 

considered. Color code: C, grey; O, red; N, blue; Cu, dark blue or  

green. In particular, Cu(II)-Cu(II) paddlewheels and Cu(II)-Cu(I) 

paddlewheels are depicted in blue and green respectively. H atoms 

are omitted for clarity. 



 

together with an assessment of the local pore environment 

around the metal centers. In addition, we performed continuous 

wave (cw) EPR spectroscopy providing further insights into the 

presence of molecular radical anions of TCNQ and their 

correlation with different Cu(II) species, particularly with 

Cu(II)-Cu(I) mixed valence paddlewheels. 

 

Experimental 

Synthesis. 

Pristine Cu3(BTC)2  was synthesized following the procedure 

reported in the literature.12 TCNQ-loaded Cu3(BTC)2 samples 

were synthesized following our reported vapor-phase 

infiltration protocol.13 Briefly, after thermal activation to 

remove the solvent (a mixture of N,N’-dimethylformamide, 

ethanol and H2O) used for solvothermal synthesis and creating 

the characteristic OMS at the Cu paddlewheel nodes. 

Cu3(BTC)2 was physically mixed in a mortar with TCNQ, and 

then the mixture was annealed under vacuum in a sealed glass 

ampoule and heated for 3 days at 180 °C to yield the host-guest 

complex. Distinct amounts of TCNQ were employed to prepare 

a set of samples with different molar fractions of TCNQ, 

hereafter referred to as xTCNQ@Cu3(BTC)2 with 

x = n(TCNQ)/n(Cu3(BTC)2) = 0.25, 0.5 and 1.0. During and 

after the synthesis, the materials were handled under inert 

conditions (dry Ar or vacuum) and stored in the glovebox to 

avoid contamination from the atmosphere. 

For comparison, a sample was synthesized via solution 

impregnation following the published synthesis protocol of 

Talin et al.44 Therefore, the parent Cu3(BTC)2 was immersed in 

a dichloromethane (DCM) solution of TCNQ for three days (see 

SI for details). The TCNQ-loaded sample, named 

solTCNQ@Cu3(BTC)2, was collected by filtration and dried in 

vacuum at room temperature. 

 

In situ IR spectroscopy. 

IR spectra were collected in transmission mode on a Bruker 

Vertex 70 Fourier transform spectrophotometer, equipped with 

a KBr beamsplitter and a MCT cryodetector, accumulating 32 

scans at 2 cm-1 resolution. All samples were examined in the 

form of thin self-supporting pellets that were prepared inside 

the glovebox to avoid exposure to the atmosphere. The pellets, 

mechanically protected with a gold envelope, were placed in a 

special homemade quartz cell used for operations down to 

liquid N2 temperature (i.e. a nominal temperature of 77 K). 

Transferred out of the glovebox, the cell was connected to a 

conventional high-vacuum glass line, equipped with a 

mechanical and a turbo molecular pump (capable of a residual 

pressure P < 10-3 mbar), which allows activation and in situ 

adsorption/desorption measurements of the employed 

molecular probe in fully controlled atmosphere.33 Before CO 

adsorption, each sample was heated at 150 °C under dynamic 

vacuum (10-5 mbar) for 2 hours to remove any potential residual 

fraction of undesired adsorbates and/or moisture. After the 

thermal treatment the material was exposed to CO and cooled 

down to 77 K. IR spectra were recorded at this temperature 

while the CO pressure was gradually decreased to 10-4 mbar to 

obtain an isothermal set of spectra. 

EPR spectroscopy. 

All cw EPR experiments were performed with a Bruker EMX 

micro (X-band, 9.4 GHz) spectrometer fitted with a Bruker ER 

4119HS cylindrical cavity. Low temperature experiments were 

enabled by an Oxford Instruments He cryostat ESR 900. 

Modulation amplitudes were always set smaller than the 

smallest peak-to-peak linewidth of transitions in the 

experimental EPR spectra. Measurements at different 

microwave (mw) powers ensured that no line shape distortions 

through saturation occurred for the signals of interest and that 

in case of quantitative experiments EPR spectra were recorded 

in the non-saturating mw power regime. The MATLAB toolbox 

EasySpin v. 5.2.25,34 employing the exact diagonalization of 

the spin Hamiltonian matrix, was used for spectral simulations 

of the EPR signals. EPR signal intensities of various EPR active 

species were determined by the double integration of their 

simulated EPR signals, if their quantification was desired.  

All TCNQ loaded samples for EPR measurements were 

prepared inside the glovebox by filling the material into a X-

band EPR quartz glass tube connected with a high vacuum 

PTFE valve. The valve was closed and transferred to a vacuum 

station were the EPR tube was evacuated and then flame sealed, 

keeping the material under inert conditions during each step. 

Results and Discussion 

After the synthesis, all materials were carefully characterized 

to quantitatively determine the TCNQ loading in the MOF 

structure. Particularly PXRD data confirmed the successful 

infiltration (see Figure S2). Standard characterization results of 

xTCNQ@Cu3(BTC)2 with x = 0.1, 1.0 in 0.1 increments were 

thoroughly reported in a previous publication.{Schneider, 2018 

#291} In short, Cu3(BTC)2 exhibits one small pore of approx. 

11 Å and two types of large pores of approx. 16 Å in diameter. 

The Cu paddlewheel nodes are oriented in a way that the OMSs 

at the axial position point to the center of one large pore while 

being tangential relative to the other large pore (see SI for more 

information). Notably, the synthesis conditions involving non-

inert solvents at elevated temperatures and a thermal activation 

of the material promote the formation of intrinsic Cu(I) sites, 

so-called modified node defects.19,35 During the vapor phase 

infiltration reaction, TCNQ diffuses into the large pores of 

Cu3(BTC)2 and binds preferentially to the available OMSs of 

two neighboring Cu paddlewheels, as evidenced by PXRD.18 At 

the highest possible loading (x = 1.0), the large pores can 

accommodate two molecules of TCNQ, while still exhibiting a 

residual BET specific surface area of 574 m2 g-1, i.e. about one 

third of the pristine Cu3(BTC)2, still allowing for the adsorption 

of smaller molecules such as N2 or CO. During the reaction, a 

small amount of Cu(TCNQ) forms as a byproduct on the 

external surface of the crystallites suggesting an electron 

transfer from the intrinsic Cu(I) defects of the MOF to TCNQ. 

The electrical conductivity of the sample correlates quasi-

exponentially with the amount of TCNQ employed during the 

reaction, and amounts to 1.5 ∙ 10-4 S cm-1 for 

1.0TCNQ@Cu3(BTC)2.13 

 

In situ IR study of CO adsorption at 77 K. 

Cu3(BTC)2 by itself represents a complex system involving 

OMSs and a sophisticated defect chemistry. The introduction of 

TCNQ into the pores adds an additional layer of complexity, as 

it can coordinate to the OMS and accept electrons from the 

framework. Therefore, the use of standard characterization 

techniques does not reveal the full picture of this interaction. In 

situ IR spectroscopy with probe molecules was used in the past 

and proved to be a powerful technique to shed light on 



 

complicated systems,21,22 such as MOFs containing open-metal 

sites. In particular, the study of CO adsorption at 77 K is one of 

the more common tools employed to probe the Lewis acidic 

sites generated by the presence of exposed metal cations.36,37 

For instance, the positively charged Cu(II) species in 

Cu3(BTC)2 allow the formation of carbon-end Cu(II)---CO 

adducts, whilst, in parallel, CO is able to interact with 

framework Cu(I) defect sites generated by missing carboxylate 

units (decarboxylation during thermal activation) or with extra-

framework Cu(I) species deriving from Cu2O impurities (e.g. 

formed during solvothermal synthesis).20,24,38 Finally, the 

framework Cu(II) cations in Cu3(BTC)2 are linked to partially 

negative charged carboxylate units which could constitute a 

possible interaction site for CO through the formation of 

oxygen-end adducts as well (organic linker---OC).39,40  

Exploiting the subtle capacity of CO to disclose the existence 

of sites of such different nature, it is clear how this probe 

molecule could be useful to clarify the host-guest structure and 

interactions of xTCNQ@Cu3(BTC)2. As a general comment, it 

is worth highlighting that only species available for interaction 

with CO are effectively probed, whereas fully coordinated and 

non-accessible species cannot be detected. Therefore, this 

method is not able to probe the Cu(TCNQ) byphase. In addition, 

it is important that this technique probes the bulk volume of the 

porous material and contributions from the external crystallite 

surface have negligible contributions to the observed IR signals 

due to the low external surface-to-volume ratio. 

 

Cu3(BTC)2 

Before analyzing the host-guest materials, CO adsorption 

was carried out on the parent MOF to get a clear picture of the 

different Cu families. For this purpose, a thin pellet of 

Cu3(BTC)2 was prepared inside the glovebox and placed in a 

homemade IR cell for low temperature measurements, as 

reported in the experimental section. After a thermal activation 

at 150 °C for 2 h, the material was exposed to ~40 mbar CO, 

cooled down to 77 K and then gradually evacuated at the same 

temperature. The isothermal set of spectra is reported in Figure 

2 (from dark blue to dark red) in the CO vibrational modes 

spectral range. The spectra of the materials, showing the full 

mid-IR spectral region before CO contact, are provided in the 

supporting information (Figure S3). 

The whole set of spectra is characterized by an extremely 

intense and complex envelope of bands due to the CO 

interaction with the different surface sites. A detail explanation 

of the various components and of their spectral behavior is 

reported in the infrared spectroscopy section of the SI. 

However, in order to allow a full comprehension of the IR 

spectra collected after CO adsorption on the 

xTCNQ@Cu3(BTC)2 host-guest systems, the main spectral 

features of CO in interaction with pristine Cu3(BTC)2 are 

summarized in the following. (i) The out of scale band located 

at around 2172 cm-1 is ascribed to the formation of reversible 

Cu(II)---CO adducts. The peculiar behavior of this band during 

the outgassing process is due to the gradual conversion of 

polycarbonyl adsorbate species into monocarbonyls.24,38 (ii) 

Considering the interpretation of Drenchev and co-workers, the 

band at 2192 cm-1 could be generated by a different Cu(II)---

CO species, whereas the signal at 2148 cm-1 (probably 

stabilized by the presence of the 2192 cm-1 component) could 

be tentatively assigned to CO in interaction with the organic 

part of the framework.38 (iii) The bands at around 2120 and 

2096 cm-1 can be ascribed to the formation of monocarbonyl 

Cu(I)---CO and Cu(I)---OC (in which the adsorbed CO 

molecule interacts through the oxygen atom) adducts due to the 

presence of defective Cu(I) sites.38,40,41 The component at 2120 

cm-1 is very stable persisting until very low CO coverages. (iv) 

The two signals at 2132 and 2106 cm-1 appear in the set of 

spectra just at low CO coverage, when most of the Cu(II)---CO 

complexes (band at around 2172 cm-1) is removed, and then 

gradually decrease in intensity upon outgassing. These signals 

can be tentatively assigned to vibrational modes of bridged 

Cu(I)---CO---Cu(II) carbonyls in Cu(II)-Cu(I) dimers 

generated by the presence of missing carboxylate units.41–43 (v) 

The two sharp and intense signals at 2142 and 2128 cm-1 

simultaneously decrease in intensity without any noticeable 

change in position and are characterized by a very labile nature 

(they quickly disappear at the early stages of the desorption 

process). Following the results proposed by Drenchev and co-

workers,38 these bands can be ascribed to CO in interaction with 

the organic linker via the formation of oxygen-end adducts, 

presumably with the benzene ring. This assignment is 

confirmed by observing the modification of some specific 

spectral features of the organic linker at 1912 and 1896 cm-1 

during the CO adsorption/desorption experiments with respect 

to the spectrum of the material before the contact with the probe 

molecule (see Figure S5).38 (vi) Finally, at very low CO 

coverage, a broad signal appears at 2125 cm-1. The frequency of 

the component is typical of CO adsorbed on Cu(I) sites of 

amorphous Cu2O impurities.23 

The main IR bands resulting from the interaction of CO with 

pristine Cu3(BTC)2 are summarized in Table 1. 

 

 

 

Table 1. Assignments of the main IR bands formed upon CO adsorption on pristine Cu3(BTC)2 (see Figure 2). 

Figure 2. IR spectra of CO adsorbed at 77 K on dehydrated 

Cu3(BTC)2 in the CO vibrational modes region. The equilibrium 

pressure of CO was gradually decreased from ~20 mbar (dark blue) 

to 10-5 mbar (dark red). The spectrum before contact with CO is 

shown in black. The absorbance is given as a scale bar in the bottom 

left corner. 



 

Wavenumber a Assignment CO coverage b Ref. 

2192 - 2200 c polycarbonyl/monocarbonyl Cu(II)---CO high – low 38 

2178  monocarbonyl Cu(II)---CO  medium low 24,38 

2172  polycarbonyl Cu(II)---CO  high – medium high 24,38 

2148 d organic linker---OC high – low 38 

2142 and 2128 organic linker---OC high - medium high 38–40 

2132 and 2106  bridged Cu(I)---CO---Cu(II) low 41–43 

2120  monocarbonyl Cu(I)---CO  high-medium low 38,40,41 

2096  monocarbonyl Cu(I)---OC high-medium low 40,41 

2125 Cu(I)---CO  (of Cu2O impurities) low 23 

a wavenumber (in cm-1) from this work. 

b CO coverage at which the band is visible. 

c Cu(II)---CO adducts different from the standard ones at 2172-2178 cm-1. 

d band stabilized by the 2192 cm-1 component. 

xTCNQ@ Cu3(BTC)2 

After the preliminary analysis of the pristine host framework, 

we turned our attention to the TCNQ-loaded samples aiming to 

answer three questions: ‘What happens to the OMSs upon 

adsorption of TCNQ?’, ‘Do we observe redox processes 

between Cu(I) defects and TCNQ?’, and ‘How does TCNQ 

affect the local pore environment of Cu3(BTC)2?’ To this 

purpose, the CO adsorption at 77 K has been carried out on a 

series of xTCNQ@Cu3(BTC)2 samples (x = 0.25, 0.5, 1.0) on 

thin pellets prepared inside the glovebox, as reported in the 

experimental section. The isothermal sets of spectra of the three 

materials with various TCNQ loadings are reported in Figure 3, 

showing the CO vibrational modes spectral range. The spectra 

have been collected by gradually decreasing the CO equilibrium 

pressure (from dark blue to dark red curves). For a better 

comparison, the spectra of the three materials should be 

normalized to take into account the different pellet thickness. 

However, the identification of a guest-independent IR band was 

not possible; unfortunately, the main signals of the host 

framework change varying the TCNQ loading. On the other 

side, different vibration modes exhibit different IR extinction 

coefficients. Hence, it is clear that no absolute quantitative 

conclusions can be drawn, but simply internal quantitative or 

qualitative information. Nevertheless, the simple comparison 

among the intensity ratios of spectral components correlated to 

different chemical species should allow a clear evaluation of the 

host-guest interactions. 

The spectra of the xTCNQ@Cu3(BTC)2 samples 

immediately before the contact of CO are reported in Figure  as 

black curves. Regardless the TCNQ loading, they are 

dominated by intense absorptions in the 2250 - 2180 cm-1 range 

associated to the CN triple bond stretching modes, which 

characterize the TCNQ guest molecule. Even if the spectra are 

not normalized, it is evident that bands coherently increase in 

intensity going from 0.25TCNQ@Cu3(BTC)2 to 

1.0TCNQ@Cu3(BTC)2. Therefore, it can be reasonably 

assumed that the three pellets have similar thicknesses and 

densities and provide comparable results. After the gas 

admission in the IR cell, an envelope of signals related to the 

CO interaction with the different surface sites appears. 

Considering the assignments made for the host framework, the 

band at around 2170 cm-1 is generated by Cu(II)---CO adducts 

(polycarbonyls or monocarbonyls, depending on the CO 

coverage). This band decreases considerably as a function of 

TCNQ loading indicating a reduced number of available Cu(II) 

OMSs able to interact with the probe molecule. This trend 

clearly supports earlier experimental and computational results 

suggesting the coordination of TCNQ to the Cu(II) OMSs of 

Cu3(BTC)2.
13,44 

Concerning the formation of Cu(I)---CO and Cu(I)---OC 

adducts (with intrinsic Cu(I) defect sites), the sharp and well-

structured bands at 2120 or 2096 cm-1, which were clearly 

evident in pristine Cu3(BTC)2, are totally absent, at any CO 

coverage, in all three samples. The absence of these spectral 

components is particularly evident in Figure b which compares 

the spectra of all the materials at a low CO pressure (1 mbar), 

which is probably the best situation to observe these 

differences, due to the lower reversibility of the signals 

generated by Cu(I) species. It should be noted that the Cu(I) 

defect signals are fully absent in the sample with the lowest 

TCNQ loading (x = 0.25, compare light green and blue curves 

in Figure 4), suggesting a chemical reaction of these species 

already induced by the presence of very small amounts of 

TCNQ. In contrast, in all TCNQ-loaded samples, the extra-

framework Cu2O impurities are always present, as evidenced by 

the broad and persistent (resistant against prolonged 

outgassing) component at 2125 cm-1 which seems completely 

unaffected by the presence of TCNQ. In our previous work, we 

observed the formation of a by-phase of CuTCNQ which 

requires transfer of an electron to TCNQ and tentatively 

hypothesized Cu(I) defects being the reducing agent.9 This 

previous hypothesis is now strongly supported by the 

spectroscopic investigation revealing the absence of the Cu(I) 

species and the presence of TCNQ radical anions (see EPR 

results in the following section, Figure 5). 

Looking at the envelope of bands in the region between 

2145 cm-1 and 2125 cm-1, assigned to CO in interaction with the 

organic backbone (presumably with the benzene ring) via the 

formation of oxygen-end adducts, the vibrational modes are 

clearly perturbed by the presence of the large guest molecule 

inside the MOF cavities. Indeed, at high TCNQ loadings 

(x = 1.0), the sharp components at 2142 and 2128 cm-1 in 

pristine Cu3(BTC)2 shift to 2138 and 2131 cm-1, respectively. In 

contrast, for the materials with lower TCNQ loadings (x = 0.25 

and x = 0.5), these bands are distinctly broader, exhibiting an 

intermediate situation due to the unambiguous presence of two 



 

distinct components for each signal (upon desorption up to four 

bands are visible in this region). These modifications become 

evident in Figure a where the spectra of the materials at different 

TCNQ loadings (from 0 to 1.0), at a medium-high CO coverage, 

are compared in the spectral range of CO stretching vibrations. 

The above-described spectral changes disclose a different pore 

environment throughout the TCNQ loading series. While all 

cavities are empty in pristine Cu3(BTC)2  (bands at 2142 cm-1 

and 2128 cm-1), in the sample with x = 1.0 (bands at 2138 cm-1 

and 2121 cm-1) all large pores are occupied with a maximum of 

2 TCNQ molecules.13,15 In these two well defined “extreme” 

cases, the local pore environment is therefore homogeneous. In 

between these two extremes, samples with x = 0.25 and x = 0.5 

exhibit empty, partially or completely filled cavities (i.e. 

containing 0, 1, or 2 TCNQ molecules), resulting in a more 

complex spectroscopic situation compared to samples with 

x = 0 and x = 1.0. 

The unequivocal perturbation induced in the organic 

backbone by the guest TCNQ molecule has been also proved by 

directly observing the bands at 1912 and 1896 cm-1 (assigned to 

combination modes of the organic framework38) in the spectra 

of the TCNQ loading series before the CO contact as reported 

in Figure S5. These vibrations have the maximum intensity in 

the pristine Cu3(BTC)2, whereas they gradually disappear upon 

increasing the TCNQ amount. 

Finally, we have to spend a few words to evaluate the spectral 

behavior of the two IR bands at around 2192 and 2148 cm-1, 

whose assignment has been reported to be quite controversial in 

the literature.24,38 The 2192 cm-1 component is always present in 

all TCNQ-loaded samples, whereas the 2148 cm-1 signal 

gradually disappears by increasing the guest molecule loading 

(see Figure c). This behavior demonstrates the total absence of 

correlation between these two spectral features, so confirming 

the assignments proposed by Drenchev and co-workers.38 The 

band at 2192 cm-1 is ascribed to the CO adsorption on a minor 

fraction of “different” Cu(II) sites, not involved in the 

interaction with the TCNQ guest molecule, as testified by the 

high intensity of this band compared to the signal due to  

Table 2. Assignments of the main IR bands formed upon CO adsorption on xTCNQ@Cu3(BTC)2 (see Figure ). 

Figure 3. IR spectra of CO adsorbed at 77 K on 

0.25TCNQ@Cu3(BTC)2 (section a), 0.5TCNQ@Cu3(BTC)2 

(section b), and 1.0TCNQ@Cu3(BTC)2 (section c) in the CO 

vibrational modes region. The equilibrium pressure of CO was 

gradually decreased from 16 mbar (dark blue) to 10-5 mbar (dark 

red). The spectra before contact with CO are shown in black. The 

absorbance is given as a scale bar in the bottom left corner. 

Figure 4. IR spectra of CO adsorbed on pristine Cu3(BTC)2 (blue) 

and on different xTCNQ@Cu3(BTC)2 samples (greens) at 77 K in 

the CO vibrational modes region: comparison at different CO 

equilibrium pressures. Section (a): 16 mbar CO. Section (b): 

1 mbar CO. The absorbance is given as a scale bar in the bottom 

left corner. A vertical offset is applied for clarity. 



 

Wavenumber a Assignment 
xTCNQ@ 

Cu3(BTC)2 
b 

2192 c polycarbonyl/monocarbonyl Cu(II)---CO 0.25, 0.5, 1.0 

2178  monocarbonyl Cu(II)---CO  0.25 (strong) 

0.5 (medium)  

1.0 (weak) 

2172  polycarbonyl Cu(II)---CO  0.25 (strong) 

0.5 (medium)  

1.0 (weak) 

2148  organic linker---OC 0.25, 0.5 

2142 and 2128 organic linker---OC 0.25 (strong) 

0.5 (medium)  

2138 and 2131 organic linker---OC 0.25 (weak) 

0.5 (medium) 

0.1 (strong) 

2132 and 2106  bridged Cu(I)---CO---Cu(II) absent 

2120  monocarbonyl Cu(I)---CO  absent 

2096  monocarbonyl Cu(I)---OC absent 

2125 Cu(I)---CO  (of Cu2O impurities) 0.25, 0.5, 1.0 

a wavenumber (in cm-1) from this work. 

b presence of the band in the xTCNQ@Cu3(BTC)2 samples and corresponding intensity 

c Cu(II)---CO adducts different from the standard ones at 2172-2178 cm-1 

 

standard Cu(II) species (2172 cm-1), especially in the material 

with the highest TCNQ loading (x = 1.0). In contrast, the 

component at 2148 cm-1 assigned to CO attached to the organic 

part of the framework is no longer present in 

1.0TCNQ@Cu3(BTC)2 due to the perturbation induced by the 

TCNQ molecule at its maximum loading. 

The main IR bands resulting from the interaction of CO with 

xTCNQ@ Cu3(BTC)2 samples are summarized in Table 2. 

 

EPR spectroscopy 

In situ IR spectroscopy results clearly evidence the existence 

of Cu(I) OMSs in pristine Cu3(BTC)2 that vanish upon TCNQ 

loading, indicating a possible electron transfer from Cu(I) ions 

to TCNQ molecules. To distinctly elucidate the formation of 

paramagnetic TCNQ- radicals, we decided to perform cw EPR 

experiments on some xTCNQ@Cu3(BTC)2 (x = 0.25, 0.5) 

samples and compared these results with pristine Cu3(BTC)2. 

Indeed, we unambiguously observe EPR signals of TCNQ- 

radicals in the vapor phase loaded Cu3(BTC)2 samples which 

were absent for pristine Cu3(BTC)2 (see Figure 5), contrasting 

with results by Talin et al. who did not observe any signal of 

TCNQ- radicals when they loaded TCNQ into Cu3(BTC)2 via 

solution impregnation (TCNQ loading: x ≈ 0.25).44 To 

scrutinize the differences between the two infiltration methods, 

we synthesized a reference sample, solTCNQ@Cu3(BTC)2, 

following their published synthesis protocol, which was then 

compared with our xTCNQ@Cu3(BTC)2  samples obtained by 

vapor phase infiltration. 

The room temperature spectra of pristine Cu3(BTC)2, 

xTCNQ@ Cu3(BTC)2 (x = 0.25, 0.5) and solTCNQ@ 

Cu3(BTC)2 exhibit an isotropic signal at g = 2.15 with a 

Lorentzian peak-to-peak linewidth ΔBpp = 92(3) mT (Figure 

S6). According to previous works,25,27 we assign these signals 

to the electron spin S = 1 state of the antiferromagnetically 

coupled Cu(II)-Cu(II) paddlewheel units, subjected to 

interdimeric exchange processes. The disappearance of this 

signal at T = 14 K in all the materials confirms its 

antiferromagnetic nature (Figure S7). Notably, all TCNQ 

loaded samples show an isotropic signal at g = 2.003(2) at T = 

14 K (around 335 mT in Figure 5a) with an experimental 

linewidth of ΔBpp ≈ 1.6 mT typical for radical species due to the 

presence of TCNQ-.45 According to the literature the expected 
14N hyperfine (hf) splitting of TCNQ- anions is of the order of 

3 MHz (ca. 0.1 mT)46,47 which is too small to be resolved in the 

present case. In contrast to the xTCNQ@ Cu3(BTC)2 samples, 

the TCNQ- signal of solTCNQ@ Cu3(BTC)2 exhibits shoulders 

at the low and high field end, which we tentatively assign to 

TCNQ- anions with a larger EPR linewidth. This larger 

linewidth might indicate a high local concentration of the 

contributing fraction of TCNQ- molecules, which leads to 

dipolar interactions between these species resulting in a line 

broadening. 

TCNQ radical anions 

Since we did not observe any signals of TCNQ- radicals at 

room temperature (Figure S6), we performed additional EPR 

experiments at T = 95 K on all TCNQ-loaded samples. Like in 

the spectra obtained at T = 14 K, the almost isotropic signals of 

the TCNQ- radicals at g-values g = 2.003(2) are visible (Figure 

5b). However, their peak-to-peak linewidths increased from 

ΔBpp = 1.56(23) mT at T = 14 K to ΔBpp = 2.52(40) mT at 

T = 95 K. By increasing the temperature, the TCNQ- signals 

further broaden (e.g. Figure S8) until they totally vanish at room 

temperature (Figure S6). This observation can be explained by 

spin-spin interactions between the TCNQ- radicals with the 



 

S = 1 state of nearby Cu(II)-Cu(II) paddlewheel units, which 

becomes increasingly populated at higher temperature.25 

Indeed, pristine Cu3(BTC)2 as well the two TCNQ loaded 

samples xTCNQ@ Cu3(BTC)2  (x = 0.25, 0.5) and the reference 

sample solTCNQ@Cu3(BTC)2 show the typical S = 1 signal of 

magnetically diluted Cu(II)-Cu(II) paddlewheel units at 

T = 95 K (see Figures S9, S10, S11 and S12),25,44 verifying that 

the excited S = 1 state of the paddlewheels had become 

significantly thermally populated at T = 95 K. This result 

strongly suggests that the TCNQ- radicals are located inside the 

pores of the Cu3(BTC)2 framework, and the signal is not 

produced by the CuTCNQ byproduct that was observed to form 

at the outer surface of the xTCNQ@Cu3(BTC)2  crystallites.13 

In order to roughly estimate the amount of TCNQ- radicals 

per paddlewheel unit, the formula for the magnetic 

susceptibilities 𝜒M of monomeric electron spin S = 1/2 species 

and 𝜒PW  of dimeric electron spin S = 1 species of the 

paddlewheels were used as given in the SI.28 Here, the room 

temperature S = 1 signals of the copper paddlewheels and of the 

TCNQ- radicals at T = 75 K were compared with experimental 

spectra of an ultramarine reference sample that was measured 

under the same experimental conditions. This accounts for 

possible differences in the EPR intensities due to different 

coupling conditions at different temperatures. For each sample 

the amount 𝑐 of TCNQ- radicals per paddlewheel unit was 

calculated via 

𝑐 =  
𝐼M(75 K)

𝐼PW(295 K)

𝜒PW(295 K)

𝜒M(75 K)
   (eq. 1) 

where 𝐼M(75 K) and 𝐼PW(295 K) are the EPR intensities of 

the TCNQ- species at T = 75 K and of the S = 1 paddlewheel 

species at T = 295 K, respectively, as they have been determined 

by double integrating the corresponding simulated EPR signals, 

normalized by means of the ultramarine reference signals. In 

accordance with the literature, an exchange coupling constant 

of J = -370 cm-1 was used in the Bleaney-Bowers equation for 

the magnetic susceptibility of the S = 1 spin, which had been 

determined for the antiferromagnetically coupled Cu 

paddlewheel units of Cu3(BTC)2∙(H2O)3.
25 Following this 

procedure, we estimate a concentration of 0.025(13), 0.016(8) 

and 0.010(5) TCNQ- radicals per paddlewheel units for the 

samples 0.25TCNQ@Cu3(BTC)2, 0.5TCNQ@ Cu3(BTC)2 and 

solTCNQ@Cu3(BTC)2, respectively (Table 3). These 

quantitative results prove that a doubling of the TCNQ 

molecules per paddlewheel unit does not increase the 

concentration of TCNQ- radicals, suggesting a scenario where 

all accessible framework Cu(I) (intrinsic) defects are already 

oxidized at low TCNQ loadings (x = 0.25), and additional 

TCNQ is adsorbed without undergoing a redox reaction. 

Consequently, the concentration of TCNQ- radicals remains at 

the same order of magnitude in all TCNQ-loaded samples. In 

contrast to the results reported by Talin et al., we observe a 

significant amount of TCNQ- anions in the sample prepared via 

solution impregnation.44 This discrepancy could be derived by 

the slightly different reaction conditions and more detailed and 

elaborate experiments to study the materials obtained by TCNQ 

solution impregnation are suggested. In this study, we show that 

Cu(I) defects in the crystallite volume act as the reducing agent 

for the TCNQ guest molecules in both samples obtained via 

solution impregnation or vapor phase infiltration. Thereby, the 

presence of TCNQ radical anions is directly dependent on the 

intrinsic Cu(I) defect concentration in the pristine MOF, which, 

in turn, is sensible to the synthesis and activation procedure. 

Thus, besides the choice of the solvent, which can promote the 

reduction of TCNQ,18 the defect concentration of the parent 

MOF adds another layer of complexity to the synthesis and 

properties of TCNQ@Cu3(BTC)2. 

Cu(II) species 

At low temperatures, pristine Cu3(BTC)2as well as the 

samples xTCNQ@Cu3(BTC)2 and solTCNQ@Cu3(BTC)2  

exhibit signals of monomeric Cu(II) species which have a 3d9 

electron configuration and, therefore, an electron spin of S = 1/2 

(Figure 6, Figure S13 and S14). The four measured samples 

display broad Cu(II) background signals with no resolved 
63,65Cu (nuclear spin I = 3/2) hf splitting, indicative for 

monomeric Cu(II) species in high local concentration or not 

well defined coordination, as they might occur at grain or outer 

boundaries of the MOF crystals or in extra-framework impurity 

species. One might expect such impurity signals, since extra-

framework hexaaqua Cu(II) complexes were identified in 

samples of Cu3(BTC)2 in a previous work by Pöppl et al.25 The 

present samples were activated at higher temperatures and 

washed for a longer time than in the work of Pöppl et al.25 But, 

Figure 3. EPR spectra of samples xTCNQ@Cu3(BTC)2  (x = 0.25, 

0.5) (green), solTCNQ@Cu3(BTC)2  (purple) and pristine 

Cu3(BTC)2 (blue) measured at (a) T = 14 K and (b) T = 95 K at a 

microwave power of 0.02 mW. The maximal signal intensity of the 

TCNQ loaded samples was normalized to 1 and set to 0.1 for 

pristine Cu3(BTC)2. The symbol # labels signals which might be 

attributed to a TCNQ- species with larger spectral linewidth. The 

plus signs label signals of Cu2+ monomers. The asterisk labels a 

signal which we assign to a free radical impurity at g = 2.000(1). 



 

extra-framework Cu(II) species might still have remained in the 

present samples, even if they do not occur as hexaaqua 

complexes due to the potential removal of all water under the 

harsher activation conditions. In addition, the EPR spectrum of 

pristine Cu3(BTC)2 at T = 14 K resolves the gz 
63,65Cu hf 

transitions of two Cu(II) species A and Ba between 260 mT and 

320 mT as well as the gx,y 
63,65hf transitions of species A between 

320 mT and 340 mT (Figure 6a, see Table S1 for the spin 

Hamilton parameters). Further minor gz 
63,65Cu hf transitions of 

other defective Cu(II) species are resolved for pristine 

Cu3(BTC)2 at T = 14 K, but their low signal intensities and their 

overlapping with other hf transitions of different Cu(II) species 

prevented their clear assignment and determination of their spin 

Hamiltonian parameters. However, their presence indicates a 

varied presence of different kinds of well-defined Cu(II) defects 

in pristine Cu3(BTC)2. 

As explained above for the TCNQ- radicals, we have 

determined the concentration of species A in pristine 

Cu3(BTC)2 at T = 75 K to 0.015(8) Cu(II) ions per paddlewheel 

unit (Table 3). Within the experimental error, this concentration 

is very similar to those determined for the TCNQ- radicals in all 

three TCNQ-loaded samples. Importantly, the signal of species 

A was not observed for the TCNQ loaded samples anymore 

(Figure 6b, Figure S13 and S14). The above reported 

observations suggest that species A represents Cu(II) ions of 

mixed valence Cu(II)-Cu(I) paddlewheel units in pristine 

Cu3(BTC)2. In accordance to the IR results, all diamagnetic 

Cu(I) ions are oxidized to Cu(II) upon TCNQ loading and, in 

parallel, a corresponding fraction of the guest molecule is 

reduced to TCNQ-. Consequently, the same concentration of 

TCNQ- radicals is observed in the loaded samples as Cu(II)-

Cu(I) paddlewheel units occur in pristine Cu3(BTC)2 (Table 3). 

The magnetic coupling of a potential formed Cu(II)-Cu(II)-

TCNQ- spin triad is discussed in detail in the SI. If such spin 

triads are present in the TCNQ loaded samples, the present 

results indicate a weak exchange interaction between the Cu(II) 

ion and the axially coordinating TCNQ- radical without 

significant distortion of the antiferromagnetic coupling between 

the two Cu(II) ions and the isotropic TCNQ- signal. The  The g- 

and 63Cu hf-tensor principal values gz = 2.290(3) and 

Az = 0.0170(7) cm-1 of species A are typical for Cu(II) ions in 

square planar to square pyramidal coordination as one would 

expect for Cu(II) ions in mixed valence paddlewheel units.48,49 

Since Zn(II) and Cu(I) are both 3d10 ions of similar size, one 

might expect similar spin Hamiltonian parameters for Cu(II) 

ions in Cu(II)-Cu(I) and Cu(II)-Zn(II) paddlewheels. 

Friedländer et al. determined spin Hamiltonian parameters 

gz = 2.281(1) and Az = 0.0187(2) cm-1 for Cu(II) ions of mixed 

metal Cu(II)-Zn(II) paddlewheel units in activated 

Cu2.965Zn0.035BTC2.
29 Even though, they are of the same order of 

magnitude, they are still different to those of species A and 

allow no clear statement about their actual nature at this point. 

Whereas the monomeric Cu(II) species A is only observed 

for pristine Cu3(BTC)2, we observe a second Cu(II) species Ba 

in pristine Cu3(BTC)2 as well as the two xTCNQ@Cu3(BTC)2 

(x = 0.25, 0.5) samples (Figure 6, Figure S13, see Tables S1 for 

spin Hamiltonian parameters). The Cu(II) concentrations 

derived by EPR amount to 0.0013(6), 0.0025(13) and 0.0012(6) 

per paddlewheel unit for pristine Cu3(BTC)2, 

0.25TCNQ@Cu3(BTC)2 and 0.5TCNQ@Cu3(BTC)2, 

respectively (Table 3). The concentration of species Ba is one 

order of magnitude smaller than that of species A. We can only 

speculate about its nature. In this specific case, species Ba might 

be ascribed to the single Cu(II) ion of a broken paddlewheel 

node (i.e. a node with one missing Cu ion), in a well-defined 

coordination environment, whose presence was reported by 

Friedländer et al. in Cu paddlewheel-based materials.28 In 

samples 0.25TCNQ@Cu3(BTC)2  and 0.5TCNQ@Cu3(BTC)2  
the gz 

63,65hf transition of species Ba are superimposed by 

broader lines at the same field position (Figure 6b, Figure S13), 

which we assign to species Bb. Its identical gz and Az values (see 

Table S1) indicate that species Bb is of the same nature as 

species Ba but in higher local concentration or subjected to 

larger structural disorder, which leads to considerable 

broadening of the hf transitions. The estimated concentrations 

of 0.0050(25) and 0.012(6) Cu(II) ions per paddlewheel in  

 

 

Figure 4. Experimental EPR spectra of (a) pristine Cu3(BTC)2 

(blue) and (b) sample 0.5TCNQ@Cu3(BTC)2  (green) measured at 

T = 14 K. In (a), the sum simulation (brown) is the superposition of 

the simulated signals of the monomeric Cu2+ species A (dark red) 

and Ba (red). In (b), the sum simulation (brown) is a superposition 

of the signals of Cu2+ species Ba (red) and Bb (light red). The 

asterisk labels the saturated signal of TCNQ- radicals that extends 

outside the frame and that overlaps with the Cu2+ signals. See Table 

S1 for simulation parameters. 



 

Table 3. EPR derived concentration c (number per paddlewheel unit) of different paramagnetic species determined via 

equation 1 and tentative assignments. 

Sample 

 

TCNQ- 

Species A 

Cu(II)-Cu(I) 

paddlewheel 

Species Ba 

defective Cu(II) 

monomer a 

SpeciesBb b 

defective Cu(II) 

monomer a 

Species C 

defective Cu(II) 

monomer 

Cu3(BTC)2   < 0.0002 0.015(8) 0.0013(6) < 0.01 < 0.026 

0.25TCNQ@ 

Cu3(BTC)2   
0.025(13) < 0.0004 0.0025(13) 0.0050(25) < 0.0055 

0.5TCNQ@ 

Cu3(BTC)2   
0.016(8) < 0.0012 0.0012(6) 0.012(6) < 0.0068 

solTCNQ@ 

Cu3(BTC)2   
0.010(5) < 0.0025 < 0.0003 < 0.006 0.018(9) 

a Possibly assigned to a broken paddlewheel. 

b Same as species Ba but in higher local concentration. 

 

samples 0.25TCNQ@Cu3(BTC)2  and 0.5TCNQ@Cu3(BTC)2, 

respectively (Table 3), imply a correlation between species Bb 

and the TCNQ loading x. In contrast, the concentration of 

species Ba remains almost constant, indicating that species Ba is 

a structural well defined Cu(II) point defect in small local 

concentration. In the spectrum of pristine Cu3(BTC)2, the 

superposition with varied 63,65Cu hf transitions of different 

Cu(II) species at T = 14 K does not allow clear conclusions 

about the presence or concentration of species Bb. Considering 

the high local concentration of species Bb, its quantitative 

correlation with the TCNQ loading amount x, and previous 

findings showing an increase of the CuTCNQ byphase with x,13 

leads to the hypothesis that species Bb corresponds to the Cu(II) 

ion of a broken paddlewheel close to the crystallite surface. The 

missing Cu ion has potentially reacted with TCNQ to form the 

CuTCNQ surface byphase. Notably, species Ba and Bb are 

below the detection limit in the EPR spectra of 

solTCNQ@Cu3(BTC)2 (Figure S14), while a third Cu(II) 

species C was observed (Figure S14, see Table S1 for spin 

Hamiltonian parameters). The relatively large concentration of 

0.018(9) Cu(II) ions per paddlewheel unit and less resolved hf 

transitions indicate that the treatment of the sample with the 

TCNQ/DCM solution produces a new type of Cu(II) species in 

high local concentration or less defined coordination (Table 3). 

The above reported results evidence that the distribution of 

TCNQ- radicals throughout the pore system is less 

homogeneous in solTCNQ@Cu3(BTC)2   compared to the 

xTCNQ@Cu3(BTC)2   samples. Therefore, we conclude that 

vapor phase infiltration leads to a more homogeneous TCNQ 

distribution compared to solution impregnation, which is likely 

a result of the elevated temperatures and the absence of solvents 

competing for the available OMSs. 

For a better understanding of the different Cu(II) species, we 

suggest pulsed EPR experiments like electron spin echo 

envelope modulation (ESEEM) and electron nuclear double 

resonance (ENDOR) experiments which might resolve the hf 

coupling between the Cu(II) electron spin S = 1/2 and the Cu 

nuclear spin I = 3/2 of the adjacent 63,65Cu(I) ion. Such 

experiments are currently in progress. Nevertheless, a reduction 

of TCNQ molecules by Cu(I) ions is strongly indicated by the 

presented IR and EPR results.  

Conclusions 

An advanced spectroscopic characterization study has been 

carried out by means of IR spectroscopy of adsorbed probe 

molecules (here CO) and EPR spectroscopy to disclose the 

host-guest chemistry of a series of Cu3(BTC)2 samples 

containing increasing amounts of TCNQ. 

The combined spectroscopic approach together with a 

comparison of solvent-free vapor phase infiltration and solution 

impregnation provides substantial answers to the three 

questions raised at the beginning of this study. By means of in 

situ IR spectroscopy, we clearly show that the amount of Cu(II) 

OMSs in Cu3(BTC)2  decreases monotonically by increasing the 

guest loading because of the occupation by TCNQ. In 

combination with our previous powder diffraction data,13 the 

presented results dispelled any doubt about the coordination of 

TCNQ to the Cu(II) dimers of the paddlewheel units. Moreover, 

the IR data revealed a homogeneous pore environment for the 

pristine and fully loaded MOF (x = 1.0, i.e. 2 TCNQ per large 

pore), whereas intermediate samples exhibited a more 

heterogeneous, variegated TCNQ distribution inside the 

microporous cavities. In addition, both IR and EPR data 

evidenced the presence of intrinsic Cu(I) framework defects in 

the volume of pristine Cu3(BTC)2 that disappear immediately 

upon exposure to even small TCNQ amounts. In return, the 

presence of TCNQ radical anions becomes evident in all 

TCNQ-loaded samples. Remarkably, the radical concentration 

in the TCNQ-loaded samples correlates quantitatively with the 

Cu(II)-Cu(I) defect concentration in the parent MOF 

evidencing an electron transfer from the Cu(I) defects to TCNQ. 

Additional pulsed EPR measurements are currently in progress 

to get further insights into the nature of the different Cu(II) 

species. 

The results obtained during this study have profound 

implication for the fabrication and the understanding of the 

physical origin of the electronic conductivity and performance 

of devices based on TCNQ@Cu3(BTC)2. We find that the 

framework Cu(I) defect concentration directly correlates with 



 

 

the TCNQ radical anion concentration, thereby introducing 

additional charge carriers into the system, which is typically 

associated with an increase in electrical conductivity. In fact, 

the maximum TCNQ- concentration is already reached at low 

loadings, which would result in a plateau of the conductivity at 

higher loadings if the introduced charge carrier were the only 

contribution to the conductivity. This contrasts with the 

experimental results.13,44 An increased charge mobility due to 

neutral TCNQ in the pores, or contributions from a CuTCNQ 

surface byphase that forms under certain conditions,13,18 must 

also be taken into account when studying the electronic 

properties of these materials.14,15,17,44 The use of carefully 

fabricated defect-free Cu3(BTC)2 thin films50,51 as the starting 

material for the infiltration reaction under very mild conditions 

(low temperature, inert solvent) will likely lead to a host-guest 

material without the formation of TCNQ radicals. In a similar 

way, defect-free bulk materials should be accessible by 

optimization of the synthetic protocol; however, mild activation 

procedures to generate the OMSs without Cu(I) defect 

formation are scarce or even absent.40,52–54 The present system 

is yet another example where the defect chemistry of MOFs has 

a significant impact on the materials properties and underlines 

the importance of advancing the research field of defect-

engineered MOFs.35,55 

At this point we like to highlight our recent computational 

study on structurally retrofitting metal-organic frameworks 

with cross linkers (CL), in particular Cu-paddle wheel based 

systems such as CL@Cu3(BTC)2  and the expansion to 

CL@NOTT-100 and CL@NOT-101.9 A library of 20 CLs with 

binding properties similar to TCNQ was evaluated. We suggest 

that the chemical interaction of these potentially non-innocent 

guest molecules with Cu-paddle wheel based MOFs beyond the 

simple coordination to the open copper sites may be as complex 

as the present case of Cu3(BTC)2 (HKUST-1) and it may be 

elucidated in detail following the methodology as we described 

above. 

As a final, and more general, remark, it is worth highlighting 

that high precision inorganic solid state synthesis together with 

application of a suite of complementary techniques of 

spectroscopic characterization represents a powerful approach 

to study the subtle, and frequently unexpectedly complex, 

chemistry of synergetic Guest@MOF systems,54 in general. 
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