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Iodine-induced electrical conductivity of novel columnar 
lanthanide metal–organic frameworks based on a butterfly-
shaped π-extended tetrathiafulvalene ligand† 
Monica A. Gordillo,a Paola A. Benavides,a Colin McMillen,a and Sourav Saha*a 

Novel columnar lanthanide metal–organic frameworks (Ln-MOFs) 
based on a butterfly-shaped electron-rich π-extended tetrathia-
fulvalene ligand (ExTTFTB) were synthesized and their electronic 
proerties were investigated. Upon iodine-induced ligand 
oxidation, Tb-MOF displayed ca. 100-fold higher electrical 
conductivity (5 × 10–7 S/m) than the neutral pristine MOF.  

Metal-organic frameworks (MOFs)1 have emerged as one of 
the most attractive functional materials due to their diverse 
structures, properties, and functions,3–11 which can be easily 
fine-tuned by introducing different organic ligands and metal 
ions. The introduction of redox-active ligands12,13 and/or metal 
ions14–18 endows MOFs with mobile charge-carriers and help 
create charge transport pathways, rendering them electrically 
conducting7,8 and expanding their utility in various energy 
production, transport, and storage systems, such as batteries, 
transistors, capacitors, photovoltaic and fuel cells, and so 
on.7,8,19–21 Among various redox-active building blocks, 
electron-rich tetrathiafulvalene (TTF) ligands have been used 
extensively to construct electrically conducting MOFs22–25 
because (i) the TTF cores can be easily functionalized with 
different coordinating groups, such as carboxylic acids and 
pyridines, to enable MOF formation, (ii) they can be oxidized 
easily and reversibly to stable TTF•+ radical cations and TTF2+ 
dications to enhance charge-carrier concentration of 
corresponding MOFs,26–45 and (iii) TTF ligands can form 
extended π-stacks that can facilitate long-range through-space 
charge transport within the MOFs.38,39 
 Aiming to construct new MOF architectures that would not 
only possess adequate charge-carrier concentration but also 
efficient charge transport pathways, recently, we had 
introduced40 a butterfly-shaped electron-rich π-extended 
tetrathiafulvalene ligand containing four benzoate groups 
(ExTTFTB) that can coordinate metal ions. The ExTTFTB ligand 
has a convex π-surface consisting of a boat-shaped anthracene 

core attached to two 1,3-dithiolene rings at 9- and 10- 
positions, which create a dihedral angle of ⁓81°. This unique 
shape of ExTTFTB ligand led to the formation of a novel 
double-helical Zn-EXTTFTB MOF in which, the convex ExTTF 
cores formed extended π–π-interactions along the seams of 
the neighboring strands. Upon iodine-mediated partial 
oxidation of about half of the ExTTFTB ligands to ExTTFTB•+ 
radical cations in each double-helical strand, extended 
ExTTFTB/ExTTFTB•+ π-donor/acceptor chains were formed 
along the seams of adjacent strands, which facilitated long-
range charge movement and engendered 104-fold higher 
electrical conductivity (~10–4 S/m) than the pristine MOF. 
However, in 2D double-helical Zn-EXTTFTB MOF, not all 
carboxylate arms of ExTTFTB ligand were coordinated 
extensively with the Zn2+ ions, which prevented the formation 
a 3D architecture and led us to envision that if all carboxylate 
groups of ExTTFTB coordinated extensively with the metal 
cluster nodes, then they could potentially form 3D MOFs. 
Based on this design principle, we have employed Ln3+ ions 
(Eu3+, Tb3+, and Er3+), postulating that the larger ionic radii and 
higher coordination number of Ln3+ ions should allow more 
extensive coordination of multiple ExTTFTB ligands at the same 
time, which should lead to the formation of a novel 3D 
columnar MOF architecture defined by the curvature of 
convex ExTTFTB ligands. Herein, we report synthesis, structural 
characterization, electronic and optical properties of a new 3D 
columnar Ln-ExTTFTB MOF architecture, which displayed 
almost two orders of higher electrical conductivity (10–7 S/m) 
upon iodine-mediated oxidation of ExTTFTB ligands to 
ExTTFTB•+ radical cations possibly due to increased charge-
carrier concentration. 
 Solvothermal reaction between ExTTFTB and Ln(NO3)3· 
5H2O (Ln3+ = Eu3+, Tb3+, and Er3+) in a mixture of 
dimethylformamide (DMF), H2O, and trifluoroacetic acid (TFA) 
at 65°C yielded reddish orange crystals of corresponding Ln-
ExTTFTB MOFs (Fig 1A, see ESI for details). Single crystal X-Ray 
diffraction (SXRD) analysis revealed that all three Ln-MOFs 
were isostructural and possessed 3D columnar architecture 
(Fig. 1B) with a triclinic P-1 space group. The asymmetric unit 
of representative Tb-MOF featured one Tb3+ ion, one ExTTFTB  
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Fig. 1. (A) Synthetic scheme and (B) single crystal X-ray (SXRD) structure of Ex-TTFTB-based Ln-MOFs (C, gray; O, red; S, yellow; 
and Ln, cyan; H-atoms and solvent molecules were omitted for clarity). 
 
ligand, one Tb-coordinated H2O, and one free DMF molecule. 
In contrast to our previously reported 2D double-helical Zn-
ExTTFTB MOF,40 which contained two distinct Zn-nodes 
because only three carboxylate groups of each ExTTFTB were 
involved in Zn-coordination, in 3D Ln-ExTTFTB MOFs, all Ln3+ 
ions have the same coordination environment, and all four 
carboxylate groups of each ligand are coordinated to Ln3+ ions. 
For example, in Tb-MOF, the four carboxylate groups of each 
ExTTFTB ligand are coordinated to six Tb3+ ions: two trans- 
carboxylate groups coordinated four Tb3+ ions in a bridging 
bidentate mode with each binding two Tb3+ ions, the third 
carboxylate group chelated a Tb3+ ion in a bidentate mode, and 
the fourth one coordinated a Tb3+ ion in monodentate fashion 
and remained in the acid form. The octa-coordinated Tb3+ ions 
of this MOF are coordinated by six carboxylate groups—four in 
a bridging bidentate mode, one in a chelating bidentate mode, 
and another in a monodentate mode—and one water 
molecule (Fig. S1). The Ln–O bond lengths—2.352(4)–
2.500(5)Å for Eu-MOF, 2.296(7)–2.507(4) Å for Tb-MOF, and 
2.236(8)–2.462(4) Å for Er-MOF—roughly followed the ionic 
radius trend.30,43 The face-to-face oriented convex ExTTFTB 
ligands connected by Ln-cluster nodes formed large ovoid 
channels (ca. 18 × 12 Å in diameter) extended along the 
crystallographic a-axis and the Ln-nodes connected the parallel 
columns along the b-axis forming the 3D columnar arrays, 
which were packed along the c-axis (Fig. 1B). The Ln-
coordination further augmented the curvature of convex 
ExTTFTB ligands, which formed the walls of these columns. In 
Ln-MOFs, the dihedral angles between the two 1,3-dithiolene 
rings of ExTTFTB ligand were 65–67° (vs. 81° in the free ligand). 
The columnar arrays of Ln-MOFs are packed in a similar 
fashion as double-helical strands of Zn-ExTTFTB MOF,40 i.e., the 
convex ExTTFTB ligands of a given array of coordinatively 
linked columns protruded into the grooves of adjacent arrays 
(Fig. 1B). However, unlike double-helical Zn-ExTTFTB MOF, in 
Ln-EXTTFTB MOFs, the 1,3-dithiolene rings of ExTTFTB ligands 
of neighboring columnar arrays were not aligned co-facially, 
which prevented meaningful intermolecular π-π stacking 
interactions (Fig. S2) and efficient through-space charge 
movement (vide infra). The C=C bond lengths between the 

central anthracene and 1,3-dithiolene rings are ca. 1.34–1.35 
Å, which is consistent with a double-bond character, indicating 
that the ExTTFTB ligands in Ln-MOFs are mostly neutral.40,41 
Since all three Ln-ExTTFTB MOFs are isostructural, herein, we 
used representative Tb-ExTTFTB MOF for further studies of 
electronic and optical properties, which, in principle, can be 
extrapolated to all three MOFs.  
 The experimental and simulated powder X-Ray diffraction 
(PXRD) patterns of pristine Tb-MOF are in good agreement 
(Fig. S3). The higher intensity of some peaks in the 
experimental PXRD profile and some discrepancies between 
experimental and simulated patterns could be attributed to 
preferred orientation of MOF crystallites (extensive grinding of 
MOF powders to disrupt such orientation diminished 
crystallinity).  
 To oxidize the electron-rich ExTTFTB ligands of Tb-MOF, we 
exposed it to I2 vapor.40 After I2-treatment orange Tb-MOF 
turned into a brown powder, which was washed thoroughly to 
remove any physisorbed I2. The PXRD pattern of I2-treated Tb-
MOF was in good agreement with that of the pristine material 
(Fig. S3), suggesting that it remained mostly crystalline after I2-
induced partial oxidation of ExTTFTB ligands to ExTTFTB•+ 
radical cations (vide infra) although some signals became 
slightly broader and weaker, which is not uncommon in other 
I2-treated TTF-based MOFs.40 Thermogravimetric analysis 
revealed that both pristine and I2-treated Tb-MOFs (Fig. S4) 
lost ca. 9% weight before 150 °C, which corresponded to the 
loss of residual solvent, followed by a plateau until ca. 320 °C, 
suggesting that no physisorbed I2 was left in the latter.  
 The I2-mediated oxidation of the Tb-ExTTFTB MOF was 
confirmed by quantitative electron paramagnetic resonance 
(EPR) spectroscopy (Fig. 2).38,39 Whereas pristine Tb-MOF 
displayed a small EPR signal indicating the presence of a small 
fraction of aerobically oxidized paramagnetic ExTTFTB•+ radical 
cations (1.7 × 1019 spins/mol), the I2-treated Tb-MOF showed a 
significantly stronger EPR signal, revealing that I2 produced a 
much greater population of ExTTFTB•+ radical cations (7.7 × 
1020 spins/mol). Thus, the latter contained a significantly 
higher charge carrier concentration, which led to enhanced 
framework conductivity.  
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Fig. 2. Solid-state EPR spectra of pristine (black) and iodine-
treated (red) Tb-MOF show I2-induced oxidation of ExTTFTB 
ligands to paramagnetic ExTTFTB•+ radical cations.  
 

Fig. 3. (A) Diffusion reflectance spectra and (B) Tauc plots of 
pristine (black) and iodine-treated (red) Tb-MOF. 
 
 The diffuse reflectance spectrum (DRS) of pristine Tb-MOF 
displayed (Fig. 3A) an absorption band with an onset at 618 
nm, which corresponded to an optical bandgap of ca. 2 eV. In 
contrast, the I2-treated Tb-MOF displayed a broader 
absorption band through ca. 760 nm, which corresponded to a 
narrower optical band gap of 1.6 eV.40 These optical bandgaps 
of pristine and I2-treated Tb-MOFs are in good agreement with 
those calculated from their respective Tauc plots (2.1 and 1.7 
eV) (Fig. 3B). The narrower band-gap of the latter is attributed 
to I2-mediated oxidation of the ExTTFTB to ExTTFTB•+ radical 
cation, which absorbs at a longer wavelength.  
 Finally, to determine the effects of I2-induced oxidation of 
ExTTFTB ligands of Tb-MOF on its electrical conductivity, we 
measured the current-voltage (I-V) relationships (Fig. 4) of 
pressed pellets of pristine and I2-treated Tb-MOF by two-probe 
method using pellets placed between two stainless steel 
electrodes surrounded by a snug-fit Teflon tube.38–40 Both 
materials displayed linear I-V plots, albeit with different slopes, 
indicating ohmic conduction. The electrical conductivity of I2-
treated Tb-MOF (5 × 10–7 S/m) was two orders of magnitude 
higher than that of pristine material (7 × 10–9 S/m), which can 
be attributed to its enhanced charge carrier concentration 
provided by a large ExTTFTB•+ population. However, the 
conductivity of I2-treated columnar Tb-MOF was lower than 
that of previously reported I2-treated double-helical Zn-
ExTTFTB MOF (~10–4 S/m).40 This difference can be attributed 
to the lack of π-donor/acceptor interactions between spatially 
separated ExTTFTB ligands of I2-treated columnar Tb-MOF, 
which hindered through-space charge movement, whereas the 
extended ExTTFTB/ ExTTFTB•+ π-donor/acceptor chains located 

along the seams of adjacent double helical strands of I2-
treated Zn-ExTTFTB MOF facilitated long-range charge 
movement. As often found in other electrically conducting Ln-
MOFs,28,29,43,44 the ionic Tb–O bonds cannot support through-
bond charge movement, leaving less efficient redox-hopping 
as the predominant charge transport mechanism in Tb-
ExTTFTB MOF. Due to grain-boundary and contact resistances, 
bulk conductivities measured with MOF pellets consisting of 
microcrystallites are usually 2-3 orders of magnitude smaller 
than the corresponding single crystal conductivity7,8,45 (in rare 
events suitable crystals are available for such measurements). 
 

Fig. 4. The I–V plots of pristine (black) and iodine-treated (red) 
Tb-MOF pellets show higher conductivity of the latter. 
 
 In summary, we have synthesized new isostructural 3D 
columnar Ln-MOFs based on a butterfly-shaped electron-rich 
ExTTFTB ligand. While ExTTFTB formed a 2D double helical 
MOF with Zn2+, the introduction of larger Ln3+ ions with higher 
coordination number led to the formation of 3D columnar 
MOFs containing coordinatively linked parallel columns made 
of face-to-face oriented convex ExTTFTB ligands. I2-mediated 
oxidation of Tb-MOF enhanced its electrical conductivity from 
ca. 10–9 to 10–7 S/m due to the formation of EXTTFTB•+ radical 
cations, which increased the charge-carrier concentration, 
although the MOF lacked well-defined through-bond or 
through-space charge-transport pathways. Thus, these studies 
yielded novel 3D columnar Ln-MOFs and demonstrated that 
while improved charge-carrier concentration can modestly 
enhance the electrical conductivity of redox-active MOFs, 
efficient charge movement is vital for attaining very high 
electrical conductivity.  
 We acknowledge the US National Science Foundation 
(award no. NSF-1809092) for financial support for this work. 
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