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ABSTRACT: Recently, a small group of metal-organic frameworks (MOFs) has been discovered featuring substan-

tial charge transport properties and electrical conductivity, hence promising to broaden the scope of potential MOF 

applications in fields such as batteries, fuel cells and supercapacitors. In combination with light emission, electro-

active MOFs are intriguing candidates for chemical sensing and optoelectronic applications. Here, we incorporated 

anthracene-based building blocks into the MOF-74 topology with five different divalent metal ions, that is, Zn2+, 

Mg2+, Ni2+, Co2+ and Mn2+, resulting in a series of highly crystalline MOFs, coined ANMOF-74(M). This series of 

MOFs features substantial photoluminescence, with ANMOF-74(Zn) emitting across the whole visible spectrum. 

The materials moreover combine this photoluminescence with high surface areas and electrical conductivity. Com-

pared to the original MOF-74 materials constructed from 2,5-dihydroxy terephthalic acid and the same metal ions 

Zn2+, Mg2+, Ni2+, Co2+ and Mn2+, we observed a conductivity enhancement of up to six orders of magnitude. Our 

results point towards the importance of building block design and the careful choice of the embedded MOF topol-

ogy for obtaining materials with desired properties such as photoluminescence and electrical conductivity. 

KEYWORDS: Metal-organic frameworks, MOF-74 topology, electrical conductivity, luminescence, an-

thracene  
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Metal-organic frameworks (MOFs) are composed of metal ions or clusters that are interconnected 

by rigid organic building blocks forming crystalline porous structures.1 Based on their well-defined and 

tunable pore spaces and high surface areas, many MOFs are attractive candidates for gas storage separa-

tion and storage applications.2,3 Depending on the organic building blocks and the respective metal spe-

cies, MOFs can be synthesized with diverse chemical composition, connectivity and functionality. There-

fore, a large variety of different chemical and physical properties can be attained.4,5,6 Recently, the intri-

guing property of electrical conductivity was added to this portfolio.2,7–12 Hereby, an increasing number 

of MOFs were investigated with a view on applications in the fields of charge storage, semiconductors, 

chemical sensing, energy conversion or electrocatalysis.12–20  

To date, only few MOFs have been reported exhibiting the desired property of electrical conduc-

tivity in combination with ultrahigh surface area, which is viewed to be essential for sensing or charge 

storage applications.21 Recently, structures based on the MOF-74 topology constructed with 2,5-dihy-

droxy terephthalic acid were introduced as electrically conductive platforms.2,5,22,23 MOF-74 isostructures 

connected through phenoxide-metal nodes showed low conductivity values, whereas structures containing 

sulfur ligating functionalities in the linking motif or mixed valance of the metal ions showed an increased 

electrical conductivity of up to 10-6 S cm-1.2,24  

Here, we present a series of MOF-74 analogs comprising an anthracene core in the linear organic 

linker. Anthracene and its derivatives are known for their high charge carrier mobility and electrolumi-

nescent properties.11,21 We demonstrate that the incorporation of anthracene-containing building blocks can 

strongly enhance electrical conductivity in phenoxide-connected MOF-74 topologies. Furthermore, we 

show that the anthracene core endows the MOFs with photoluminescent properties allowing for the real-

ization of light emitting and electrically conducting MOFs. For constructing the framework, we first es-

tablished the synthesis of an anthracene-based building block modified with ortho-hydroxy para-carbox-

ylic functionalities enabling the required bonding to metal ions, namely 4,4´-(anthracene-9,10-diyl)bis(2-

hydroxybenzoic acid), ABHB.  
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Using the anthracene building blocks and divalent metal ions, that is, Zn2+, Mg2+, Ni2+, Co2+ and 

Mn2+, five novel, highly crystalline and porous anthracene-based MOF-74-type (ANMOF-74) materials 

were synthesis under solvothermal conditions (Figure 1). The ANMOF-74 series features an enhancement 

of electrical conductivity by several orders of magnitude compared to the respective original MOF-74 

isostructures. Furthermore, the photoluminescence life time and quantum yield were determined for the 

ANMOF-74 series. 

 

Figure 1. A) Synthesis scheme of the anthracene-based MOF-74 (ANMOF-74). The organic building 

block ABHB forms porous hexagonal frameworks with the respective metal ions. B) View on the helical 

metal-oxo chains of the ANMOF-74 structure (left) and the anthracene moieties (right) stacked along the 

crystallographic c-direction.  

 

RESULTS AND DISCUSSION  

The ABHB linker used here was synthesized via a three-step reaction procedure (see Schemes S1-

S3).25,26 In short, the reaction of methyl 4-iodosalicylate and bis(pinacolato)diboron afforded a boronated 

intermediate product, which was subsequently coupled in a Suzuki reaction with the brominated anthra-

cene core to the methyl protected ABHB linking motif. After deprotection and purification, the final or-

ganic building block ABHB was obtained in sufficient yields (ca. 70%) as a beige powder. For the MOF 

synthesis, the stoichiometric reaction of ABHB with the respective metal precursors (Zn2+, Mg2+, Ni2+, 

Co2+ and Mn2+) in different DMF/ MeOH/ EtOH/ BnOH/ H2O mixtures at 120 °C for 2 days led to the 

precipitation of colored powders. Here, the color of the obtained powders was strongly dependent on the 
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utilized metal ion precursor (for further information see SI). The obtained powders were washed with 

DMF and methanol and subsequent dried under dynamic vacuum.  

 

 

Figure 2. Experimental powder X-ray diffraction (PXRD) patterns of the ANMOF-74(M) series showing 

(A) the Zn-, (B) Mg-, (C) Ni-, (D) Co- and (E) Mn-MOF derivatives, respectively (black). The simulated 

PXRD pattern was Pawley-refined (red) according to the experimental data, whereby the difference plot 

is depicted in blue. The respective Bragg positions of the predicted hexagonal unit cell are shown as green 

bars. (F) A high resolution TEM image of an ANMOF-74 (Co) crystal oriented along the [001] axis with 

FFT of the entire image as inset.  

 

Powder X-ray diffraction (PXRD) data of the dried powders are shown in Figure 2. All materials 

exhibit a high degree of crystallinity with pronounced reflections at 3.75°, 6.51°, 10.02°, 11.34°, 13.14° 

and 13.66° 2θ. Bragg reflections at up to 25° 2θ could be detected, underlining the high crystallinity of 
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the obtained ANMOF-74 series. The collected diffractograms matched with the ones predicted from sim-

ulated model structures. The predicted model structures were obtained with Accelrys Materials Studio 7.0 

using the calculated MOF-74 structure as a model.2 After establishing the simulated unit cell, a PXRD 

pattern was calculated, which was Pawley-refined according to the respective experimental PXRD pat-

terns (Rwp ranging from 2.09-4.09%). From the refinement, we conclude that the ANMOF-74 system 

crystallizes in the trigonal space group R3 with a = b = 46.3 Å, c = 5.7 Å, α = β = 90° and γ = 120°. These 

findings are in good agreement with simulations performed for related MOF-74 structures.11,27 All 

ANMOF-74 materials exhibit one-dimensional hexagonal channels with pore apertures of 2 nm. These 

channels are formed by the ABHB units that are interconnected in the c-direction by infinite helical metal-

oxo chains. ANMOF-74 further includes infinite stacks of the anthracene core arranged along the c-direc-

tion, with the distance between adjacent anthracene cores estimated to be 5.7 Å (Figure 1B). For the 

ABHB unit, we determined a torsion angle of 60.7° between the benzene rings and the anthracene core. 

Transmission electron microscopy (TEM) analysis of the ANMOF-74 series revealed highly crystalline 

materials (Figure S2). For ANMOF-74(Co), hexagonally shaped crystal facets and large cross-section 

domain sizes of about 120 nm illustrate the high degree of crystallinity (Figure 2F). The calculated dif-

fraction pattern in the fast Fourier transform (FFT) of the TEM image shows angles of 120° in accordance 

with the proposed trigonal crystal system. 

The synthesized powders were further investigated using X-ray photoelectron spectroscopy 

(XPS). As summarized in Figures S12-S16, XPS spectra of ANMOF-74(M) show the presence of the 

respective metal, C and O peaks attributed to the MOFs, as well as nitrogen, tentatively attributed to DMF 

residues coordinating to the metal ions in the structure. These findings are in accordance with the high-

resolution analysis of the O 1s regions in the XPS spectra of all ANMOFs, indicating three types of oxygen 

atoms. The signals can be assigned to the functional groups (carboxy and hydroxy) of the ligating building 

block and to the oxygen related to DMF. Only ANMOF-74(Zn) has a second N 1s peak arising from 

residual NO3
-, which apparently originates from the Zn(NO3)2 synthesis precursor. Importantly, Cl- or 
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additional N peaks related to impurities originating from the metal precursors were not observed for all 

other samples of the ANMOF-74 series. The purity of the obtained materials was further studied by energy 

dispersive X-ray spectroscopy (EDX) which showed no impurities arising from precursor anions (see 

Figure S11). Thermogravimetric analysis (TGA) revealed that the ANMOF-74(M) materials were not 

decomposed below 300 °C under dynamic conditions (Figure S10).  

 

Figure 3. Nitrogen physisorption isotherms of (A) ANMOF-74(Zn), (B) ANMOF-74(Mg), (C) ANMOF-

74(Ni), (D) ANMOF-74(Co) and (E) ANMOF-74(Mn) showing Type I(b) shape. The ad- and desorption 

branches are depicted as blue and white colored circles, respectively. Pore size distributions (PSD) are 

included as insets.  

 

The pore accessibility of the activated samples was investigated by nitrogen physisorption exper-

iments. The nitrogen isotherms (77 K) of all ANMOF-74(M) powders (Figure 3) show IUPAC Type I(b)28 

sorption behavior, indicating that the ANMOF-74(M) form large micropores (< 2.5 nm). All examined 

MOFs show an initial uptake of about 200 cm3g-1 at low pressures and a second uptake at 0.02-0.05 p/p0 

of about 100 cm3g-1. The adsorption branch and the desorption branch merge at low relative pressures 
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illustrating a reversible process. The Brunauer-Emmett-Teller (BET) surface areas and total pore volumes 

for the ANMOF-74(M) bulk materials series were calculated to be 1124 m2 g-1 and 0.49 cm3 g-1 for Zn, 

1137 m2 g-1 and 0.48 cm3 g-1 for Mg, 1352 m2 g-1 and 0.56 cm3 g-1 for Ni, 1213 m2 g-1 and 0.53 cm3 g-1 for 

Co, 1748 m2 g-1 and 0.83 cm3 g-1 for Mn, respectively. The pore size distributions were calculated using 

quenched solid density functional theory (QSDFT), giving pore sizes of 2.1 nm in ANMOF-74(Mn) and 

2.0 nm in all other ANMOF-74(M) structures, which match the predicted value of 2.0 nm obtained by the 

simulated structure. Connolly surface area calculations with nitrogen as a probe molecule (2.6 Å) predict 

a theoretical surface area of 1757 m2 g-1, which is matched best by the BET results for the ANMOF-

74(Mn) sample.  

Scanning electron microscopy (SEM) images of the ANMOF-74(M) powders reveal needle-

shaped crystallites forming spherical agglomerates (Figures 4 and S2). In addition, high magnification 

SEM analysis reveals crystallites with a well-faceted hexagonal cross-section, further confirming the pro-

posed trigonal crystal structures. 
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Figure 4.  (A) and (B) SEM images of the ANMOF-74 bulk materials (A) ANMOF-74(Ni) (B) ANMOF-

74(Mn) with a high magnification of a hexagonally shaped crystal depicted as inset. 

 

To elucidate the electrical properties of the ANMOF-74 series, we performed four-point probe van 

der Pauw measurements of crystalline and pelleted samples (for further details see SI). The obtained re-

sults are summarized in Table 1.  

  



 9 

 

 

Table 1. Electrical conductivity values of ANMOF-74(M) and MOF-74(M) samples obtained with pellets 

by using the four-probe van der Pauw technique. 

ANMOF-74 (Zn) MOF-74 (Zn) ANMOF-74 (Mg) MOF-74 (Mg) ANMOF-74 (Ni) MOF-74 (Ni) 

6 x 10-8 S cm-1 6 x 10-12 S cm-1 5 x 10-9 S cm-1 6 x 10-13 S cm-1 4 x 10-7 S cm-1 6 x 10-13 S cm-1 

ANMOF-74 (Co) MOF-74 (Co) ANMOF-74 (Mn) MOF-74 (Mn) 

4 x 10-8 S cm-1 6 x 10-13 S cm-1 3 x 10-8 S cm-1 4 x 10-13 S cm-1 

 

The values obtained for ANMOF-74(M) range from 10-7 to 10-9 S cm-1, corresponding to a striking 

increase of up to six orders of magnitude with regard to the values obtained (and reported) for the respec-

tive MOF-74. To validate the impact of the anthracene core on the electrical conductivity, crystalline 

MOF-74 powders with the same set of metal ions were synthesized, activated (vacuum dried), compressed 

into pellets and their electrical conductivity was evaluated. The van der Pauw measurements of the MOF-

74 pellets confirmed the ANMOF-74 series to be substantially more conductive than the MOF-74 

isostructures. We attribute the enhanced electrical conductivity to the presence of the electron-rich anthra-

cene core incorporated in the ANMOF-74, in contrast to the rather electron-poor 2,5-dihydroxy tereph-

thalic acid building block embedded in the MOF-74 series. Here, our strategy of embedding the electron-

rich anthracene-based linker showed a remarkable increase in conductivity, however, the measured values 

are still modest compared to other conducting MOF platforms.29,30 Due to the fairly large stacking distance 

between adjacent anthracene units we postulate that charge transport still occurs mostly through the metal-

oxo backbone by charge carrier hopping between metal nodes.    

To further elucidate the impact of the MOF-embedded anthracene moiety, we examined the optical 

properties of the ANMOF-74(M) bulk materials by using UV-vis absorption and photoluminescence (PL) 

spectroscopy, summarized in Figure 5. The UV-vis spectra were measured in diffusive reflectance geom-
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etry and transformed using the Kubelka-Munk equation. For all examined ANMOF-74 samples the ab-

sorption bands are located in the UV and blue spectral regions. ANMOF-74(Zn) has an absorption onset 

of around 528 nm and a second one at around 450 nm, and ANMOF-74(Mg; Ni; Co; Mn) at around 

440 nm. Tauc plots were analyzed, assuming direct band gaps, yielding an optical band gap of 2.86 eV 

for ANMOF-74(Zn) and in case of ANMOF-74(Mg; Ni; Co; Mn) band gaps between 2.91 eV and 2.95 eV 

(Figure S5). These five MOFs have two sharp absorption maxima at 400 nm and 380 nm, which originate 

from the integrated ABHB building blocks (see Figure S4 (A)).  

Photoluminescence (PL) of the ANMOF-74(M) bulk materials was measured with a pulsed 378 

nm excitation under argon atmosphere to protect the anthracene from degradation. The PL spectrum of 

ANMOF-74(Zn) shows a very broad emission band over the whole visible spectrum with a maximum at 

570 nm and a large Stokes shift of 170 nm. ANMOF-74(Mg) and ANMOF-74(Co), as well as ANMOF-

74(Ni) and ANMOF-74(Mn) have a narrow emission band with a small shoulder and an emission maxi-

mum between 438 nm and 444 nm, respectively. It is similar to the emission band at 441 nm of the ABHB 

linker monomer measured in solution (see Figure S4 (B)). These MOFs exhibit smaller Stokes shifts of 

38 – 44 nm. ANMOF-74(Co) and ANMOF-74(Ni) also have a weaker emission band at 692 nm. 

ANMOF-74(Mn) has a weak emission band at 701 nm. 
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Figure 5. UV-VIS absorption measured in diffusive reflectance of the MOF powders dispersed with 

BaSO4 (blue line) and the photoluminescence (PL) spectra of the neat MOF bulk materials measured with 

pulsed 378 nm excitation (red line): A) ANMOF-74(Zn), B) ANMOF-74(Mg), C) ANMOF-7(Ni), D) 

ANMOF-74(Co) and E) ANMOF-74(Mn). 

 

Time-correlated single photon counting (TCSPC) traces of ANMOF-7(Zn) and ANMOF-74(Mg) 

were recorded at the respective emission maxima of 570 nm and 438 nm, shown in Figure 6. Both MOFs 

show very similar relaxation behavior, analyzed with a triexponential fit. Both exhibit fast decays of 

around τ1 = 0.16 ns, which is near the instrumental response limit. The medium component has a lifetime 

τ2 of 0.79 ns and 1.03 ns while the third component has a lifetime τ3 of 3.44 ns and 4.90 ns for Zn and Mg, 

respectively. The main difference between the two materials is the fractional distribution of lifetimes. 

While the medium-lifetime decay channel is contributing almost 60% to the overall emission in the 

ANMOF-74(Zn) and only 50% in the ANMOF-74(Mg), this difference is balanced by the longer lifetime 

components, i.e. 18% versus 29% in the Zn and Mg ANMOFs, respectively. This results in the faster 
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overall decay of the ANMOF-74(Zn) as compared to the longer-lived ANMOF-7(Mg). Due to the bright 

emission and long lifetime of ANMOF-74(Mg), we also measured the photoluminescence quantum yield 

(PLQY), which reaches 2.5%.  Quantum efficiency of the ABHB linker molecules as solid powder show 

PLQY values of up to 13%, which is reduced by one order of magnitude upon incorporation into the 

framework. However, the luminescence is still detectable with the naked eye by irradiating the Mg-

ANMOF sample with a UV lamp.  

TCSPC traces of ANMOF-74(Ni), ANMOF-74(Co) and ANMOG-74(Mn) show similar lifetime 

components with τ1 around 0.06 ns, τ2 between 0.79 ns and 0.89 ns and τ3 in the range of 5 – 7 ns (see 

Figure S6). The ABHB linker monomer has a monoexponential decay with a lifetime of 4.3 ns (see S6). 

The long PL lifetime of ANMOF-74(Mg) in comparison to the other ANMOFs might be related to the 

different emission spectrum. ANMOF-74(Mg), similar to the ABHB linker, does not have a second emis-

sion band at around 700 nm. But the PL lifetime of ANMOF-74(Mg) and of the ABHB linker are much 

longer compared to the other ANMOFs. Thus, in the ANMOF-74(Mg), the linkers might be similarly 

electronically ´isolated` as the monomer in solution while the emission band at around 700 nm might be 

related to electronic interactions between linkers (and transition metal ions), effectively decreasing the PL 

lifetime. 
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Figure 6. The time-correlated single photon counting (TCSPC) traces corresponding to the PL spectra of 

ANMOF-74(Zn) (black) and ANMOF-74(Mg) (red), which were recorded at the respective emission 

maximum of each MOF. The lifetimes were obtained from triexponential fits (solid lines) to the data 

(scatter). The fractions of emitted photons corresponding to the respective lifetimes are stated in brackets. 

 

CONCLUSIONS 

In our study, we present the successful synthesis of a novel series of metalorganic frameworks 

showing MOF-74 topology, coined ANMOF-74. The frameworks are built from anthracene-based linking 

motifs (ABHB) connected via helical metal-oxo chains, whereby a range of different metal ions could be 

incorporated (Zn, Mg, Co, Ni and Mn) into the framework. All ANMOF-74 materials feature a high de-

gree of crystallinity and show BET surface areas exceeding 1000 m2g-1. Furthermore, all ANMOF-74 

materials exhibit an enhancement of electrical conductivity of up to one-million fold compared to regular 

MOF-74. The ANMOF-74 materials feature direct optical band gaps of around 2.9 eV and most show 

photoluminescence in the blue spectral region. In contrast to the other derivatives, the ANMOF-74(Mg) 

shows a rather high quantum efficiency of 2.5%. Remarkably, ANMOF-74(Zn) emits photoluminescence 
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across the entire visible spectrum. We believe that this promising combination of high crystallinity, de-

fined porosity, luminescence as well as electrical conductivity embedded in a fixed MOF matrix will 

enable a range of possible applications such as sensing and charge storage. Our study highlights the great 

versatility of the MOF-74 topology, allowing for the integration of sterically demanding organic linker 

structures with interesting electrical and optical properties. In the future, we envision the integration of 

additional chromophores with interesting optoelectronic properties and a tunable degree of electronic cou-

pling into this highly attractive MOF topology, to further broaden the field of MOF-74 based structures 

for optoelectronic applications. 
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