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Nowadays, zirconium metal–organic frameworks attract more attention due to their robustness and 
their easier predictability in terms of topology. Herein we have been able to control synthetic parameters 

in order to construct two new 2D MOFs with the same sql topology. Both materials, ACM-10 and ACM-11 

have been characterized by single crystal X-ray diffraction, thermogravimetric analysis and UV-vis spec-

troscopy. Their textural, electrochemical and conductivity properties are presented along with the op-

portunities that these new topologically interesting scaffolds offer for the design of new structures.   

Over the past two decades, metal-organic 

frameworks (MOFs) have garnered attention due 

to their structural and compositional tunability, 

resulting in low-density crystalline solids. Their 

high porosity has positioned them for applications 
in gas storage, 1-4 separations, 5-7 or catalysis. 8-10 

More recently, MOFs have been studied as poten-

tial high-surface area electrodes in electrical de-

vices 11,12 (e.g. chemiresistive sensors, 13,14 electro-

chemical catalysts 15). The success of MOFs in 

these applications depends on the electrical con-

ductivity of the framework itself. Indeed, most 

MOFs are electrical insulators: charge carrier mo-

bility is typically inversely proportional to crystal 

density, and many frameworks feature insulating 

metal-oxide ionic interfaces. To improve the con-

ductivity of MOFs, several strategies have been 

developed; the most successful installs charge 

carriers through chemical redox of either the 

metal/node or ligand. 16-20 

However, chemical stability of the framework is 

another critical property required for electrically 

conductive MOF applications. Examination of the 
literature reveals that frameworks featuring con-

fined ceramic nodes (e.g. the UiO-21,22 and NU-

series, 23and other Zr6(O)4(OH)4 containing 

frameworks) boast improved chemical stability 

over their late transition metal analogues. 21-25 Zr-

based frameworks are known, however, to be pri-

marily electrically insulating even with the inclu-

sion of electroactive guests into the pores. 26,27 In-

spired by both the pursuit of a chemically stable 

and redox active scaffold, we aimed to synthesize 

novel Zr-based frameworks composed of redox ac-

tive linkers.  



 

Previous studies have shown that tetrathiaful-

valene (TTF) may be singly and doubly oxidized to 

form stable radical and aromatic adducts, respec-

tively. 28,29 The explicit one-electron oxidation re-

sults in the formation of a hole, i.e. p-type charge 

carriers. Electrical conduction is then determined 

by the extent of the hole delocalization throughout 

the material, a process that is typically governed 

by inter TTF-TTF π-stacking interactions. With 

this in mind, TTF-containing ligands (e.g., 

tetrathiafulvalene tetrabenzoic acid, TTFTB) have 

been incorporated into MOFs. 17,30-35 The resultant 

materials were shown to be modest electrical con-
ductors, 36-40 with the highest performing materi-

als featuring closely packed TTF subunits repeat-

ing throughout the crystal.  

In contrast, there are a series of materials fea-

turing isolated redox active linkers (rather than 

π-stacked chains) that still exhibit ligand oxida-

tion. 33,38  In these cases the oxidation-generated 

hole is localized, as evidenced by electronic struc-

ture calculations and electrical conductivity 

measurements. While not conductive, these mate-

rials are still interesting as they offer unique 

routes to storing holes in relatively high concen-

trations (i.e. up to one per ligand) thereby ena-

bling these frameworks to be potentially interest-

ing catalysts. 41, 42, 43 

Considering these motivations, the combination 

of a Zr-based Zr6(O)4(OH)4 node with a redox ac-

tive ligand is an attractive platform because the 

resultant scaffold may feature interesting conduc-

tive properties and/or ligand-centered redox 

chemistry, as well as affording opportunities to 

install catalytic metals onto/into the Zr-node. 44 

TTFTB shares similar topology to its pyrene ana-

logue, one may expect to form a NU-1000 deriva-
tive, but privileged with ligand-centered redox ac-

tivity. However, upon examination of ~40 Zr-

based MOFs built from quasi-planar tetratopic 

linkers the resultant topology depends on whether 

the Zr-clusters are 12-, 8- or 6- connected (result-

ing in 4,12-c ftw/shp, 4,8-c csq/sqc/scu, and 4,6-

c she, respectively), which itself depends on the 

synthetic conditions. 45-47 

The assembly of a single crystal Zr-TTFTB con-

taining framework is challenging as there is com-

petition between formation of the strong Zr-car-

boxylate bond and the π-stacking of the ligands, 

particularly if the ligands are partially oxidized 

during synthesis. In this work, through control of 

the synthetic conditions, we report two crystal 

structures of Zr-TTFTB, ACM-10 and ACM-11. Both 

frameworks are 2D connected, and are character-

ized by single crystal X-ray diffraction, thermo-

gravimetric analysis and UV-vis spectroscopy. 

Their structural, electrochemical and conductivity 

properties are presented, as well as opportunities 

afforded by these new topologically interesting 

scaffolds. 

Experimental 

All chemicals were acquired from commercial 

sources and used as obtained. H4TTFTB was or-

dered from Chemsoon. Reagent grade solvents 

were used. 

Synthesis of ACM-10, 

[Zr6O4(OH)4(H2O)2(TTFTB)2 

(HCOO)4]11.4DMF3H2O. 

In a pyrex vial, H4TTFTB (4.6 mg, 0.007 mmol) 

was dissolved in a mixture of DMF-H2O (1 mL-0.25 
mL) in the presence of formic acid (0.76 mL). 

Then 40 L of a ZrOCl2 solution 0.5 M in water was 

added. The solution was sonicated few minutes 

before being placed in a preheated oven at 115˚C 

for 3 days. After cooling down, orange polycrys-

talline powder was recovered by filtration, 

washed with acetonitrile and dried in air. Orange 

diamond shaped crystals were obtained using 1 

mL of formic acid (Figure S1). The yield, based on 

zirconium, is 39.4 %. Elemental analysis: theoret-

ical N= 5.06%, C = 40.53%, H = 3.93%, S = 8.15% 

and experimental N= 4.7047%, C = 40.8335%, H 

= 3.4132%, S = 9.1421%. 

Synthesis of ACM-11, 

[Zr6(O)4(OH)4(H2O)8(TTFTB)3] 7.6DMF. 

In a pyrex vial, H4TTFTB (6.8 mg, 0.01 mmol) 

was dissolved in a DEF (1 mL) in the presence of 

formic acid (0.57 mL). Then 40 L of a ZrOCl2 so-

lution 0.5 M in water was added. The solution was 

sonicated few minutes before being placed in a 

preheated oven at 115˚C for 3 days. After cooling 

down, dark red square crystals were recovered by 

filtration, washed with acetonitrile and dried in 

air (Figure S1). The yield, based on zirconium is 
62.2 %. Elemental analysis: theoretical N= 3.11%, 

C = 43.77%, H = 3.54%, S = 11.21% and experi-

mental N= 2.89%, C = 43.51%, H = 3.48%, S = 

11.71%  

CCDC 1910185, 1910226 contain the supplemen-

tary crystallographic data for this paper. These 

data can be obtained free of charge from the Cam-

bridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk. Selected crystal data and 

details on structure determinations are listed in 

Table 1 

 Powder X-ray diffraction (PXRD). PXRD meas-

urements were carried out at room temperature 

on a Bruker D8 Advance X-ray diffractometer with 

Cu Kα radiation (λ= 0.154 nm) operated at 40 kV 

and 40 mA in a Bragg–Brentano geometry with a 

scan speed of 1s/step and a step size of 0.02˚. For 

the longer PXRD measurements necessary for 



 

LeBail fit, we used a scan speed of 3s/step and a 

step size of 0.02˚. 

Single crystal structure analysis (SCXRD). 

Single crystal X-Ray data were collected using a 

Bruker X8 PROSPECTOR APEX2 CCD diffractome-

ter using CuKα radiation (λ = 1.54178 Å). Indexing 

was performed using APEX2 (Difference Vectors 

method).48 Data integration and reduction were 

performed using SaintPlus 6.01. 49 Absorption cor-

rection was performed by multi-scan method im-

plemented in SADABS. 50 Space groups were deter-

mined using XPREP implemented in APEX2.51 

Structures were solved using Direct Methods 
(SHELXS-97) and refined using SHELXL-2018/3 52 

(full-matrix least squares on F2) contained WinGX 

v1.70.01.53 

Elemental analysis. Elemental analysis data 

were obtained from a ThermoFinnigan apparatus. 

Thermogravimetric analysis (TGA). Thermal 

analyses were conducted on a Mettler Toledo, 

Thermo Scientific instrument (Model TGA/DSC1, 

Nicolet iS10). Around 3 mg of sample was submit-

ted to an air flow of 30 mL/min and heated until 

900˚C at a rate of 2˚C/min.  

Adsorption analysis. N2 sorption experiments 

were performed on a fully automated Quadrasorb 

SI (Quantachrome Instruments) at relative pres-

sures up to 1 atm. The cryogenic temperatures 

were controlled using liquid nitrogen bath at 77 K. 

Samples were exchanged with acetonitrile for 3 

days prior experiments, then degassed over night 

at room temperature under vacuum. 

Cyclic voltammetry (CV). The CV of solid-state 

compounds were tested in a conventional three 

electrodes electrochemical set-up using Pt wire as 

the counter electrode and Ag/AgCl (sat’d KCl) as 

the reference electrode. The CV’s were performed 
at room temperature (298 K) using a 16-channel, 

research-grade potentiostat system (VMP3; Bio-

Logic Science Instruments). The working elec-

trode was Pt sputtered onto glass, then, dry mate-

rial was pressed on the surface, followed by few 

drops of an ethanol-nafion (1:1) mixture and let 

dried at room temperature for 15h.  

Conductivity measurements. Powders were 

dried under dynamic vacuum for 3 hours. Using a 

home-built two-probe in situ press set-up de-

scribed previously, 37 two-contact probe measure-

ments were carried out at 296 K in ambient at-

mosphere on pressed pellets. Linear I–V curves 

were obtained by sweeping the voltage between –

0.5 and +0.5 V, and measuring the current using a 

sourcemeter (Keithley 2450). 

Optical microscope. To determine morphology 

the materials, Leica DM750 optical microscope 

equipped with a camera MC170 HD was used. 

Diffuse Reflectance UV/vis Spectroscopy. The 

optical properties were obtained by using a JASCO 

V-670 spectrophotometer equipped with an inte-

grating sphere. The   diffuse reflectance spectra 

were recorded in range of 200-800 nm using hal-

ogen and deuterium lamps as light sources. The 

obtained data were processed using Kubelka – 

Munk function.  

Calculations. Beginning with the experimen-

tally obtained crystal structure for ACM-10, quan-

tum chemical simulations were performed using 

the DFT framework as implemented in VASP, 54 a 

commercial software package.  The framework 
was geometrically equilibrated using the PBEsol-

functional with a Gamma-only k-grid, and a 500 

eV planwave cutoff. 55  Convergence criteria were 

set to <0.005 eV per atom.  The electronic band 

structures were then obtained using the PBEsol 

geometry computed with the HSE06functional, 56 

sampling five equally spaced low symmetry k-

points along high symmetry vectors. The electron 

energies were then aligned to the vacuum level us-

ing MacroDensity.57 ACM-11 was not computed 

due to the size of the unit cell and the subtle po-

tential energy surface associated with the H-

bonding Zr-bound hydrates. 

ACM-10 postsynthetic modification. ACM-10 

was grafted with Ti(IV) by a method previously 

reported.58 All manipulations were performed in-

side a glovebox under argon atmosphere. Typi-

cally, 30 mg ACM-10 was mixed with 2 mL DMF 

inside 10 mL vial. Then 3.38 μmol Ti(OtBu)4 were 

added, and mixture was transferred to preheated 

oven at 100°C for 24 h. The powder was isolated 

by centrifugation and washed with DMF, followed 

by soaking in MeOH for 3 days. Finally, the pow-

der was filtered and dried at 160°C for 4 h. 

Photocatalytic measurements. The photocata-

lytic hydrogen production experiments were per-

formed in a quartz batch reactor under continuous 

Ar flow (2 mL min-1). Samples (ACM-10 and Ti-

grafted ACM-10) 20 mg were suspended in 20 mL 

of an aqueous solution using 0.1 M L-ascorbic acid 

as sacrificial agent with the addition of H2PtCl6 as 

cocatalyst (3.5 wt. % Pt). The suspension was 

purged with argon prior to photoirradiation by a 

300 W Xenon lamp (320-775 nm) or Xenon cou-

pled with cut-off filter (λ≥380 nm, HOYA L38). 

The amount of evolved H2 was measured by gas 

chromatography (Shimadzu Model GC-8A, TCD, Ar 

gas, molecular sieve 5A).     

 

Results and discussion 

The use of formic acid as a monotopic modulator 

resulted in the isolation of two 2D-connected 

frameworks; ACM-10 and ACM-11. Both crystal-

lize in very similar conditions; in fact our first 



 

syntheses led to a mixture of both compounds. 

However, we later discovered that ACM-10 can be 

obtained as a pure phase by adding a small 

amount of water to the synthesis mixture. Purities 

of both phases were assessed by Le Bail fits of the 

PXRD patterns (Figure S2 and S3) and elemental 

analysis.  Single crystals of ACM-10, an orange 

crystalline powder, were obtained using high con-

centrations of modulator. Initially 0.75 mL was 

used in order to avoid any risk of excess pressur-

ization. Increasing to 1 mL of formic acid yielded 

orange single crystals. Complementarily, the use 

of DEF instead of DMF and lower concentration of 
formic acid led to phase-pure red-brown single 

crystals of ACM-11. Both materials where simpli-

fied using the topology rules in a similar way as 

the convention applied for zeolite. This analysis 

reveals a sql topology (sql means square lattice) 

where each cluster is connected to four independ-

ent ligands. The difference between the two 

phases, however, arises from the degree of cluster 

hydration: in ACM-10 each linker connects to four 

different clusters while in ACM-11 half of linkers 

are connected to four independent clusters and 

the other half are linked to two independent clus-

ter and have two pendant carboxylates partaking 

in H-bonding to node-bound water. A similar co-

ordination environment was observed for MgTT-

FTB.38  

Single crystal X-ray diffraction reveals that 

ACM-10 crystallizes in a monoclinic system in the 

space group P2/m. Each of the six Zr(IV) cations 

are surrounded by eight oxygen donors, resulting 

in a hexanuclear cluster (Figure 1A). Four Zr(IV) 

are bound to two3-OH and two 3-O anions, two 

oxygen atoms from deprotonated carboxylate 

groups of two independent ligands, one oxygen 
atom from one deprotonated formate molecule 

and one oxygen from either a water molecule or a 

formate anion. The two other Zr(IV) cations are 

surrounded by four 3-OH/O groups and four oxy-

gen atoms from carboxylate groups of four inde-

pendent TTFTB. This results in a molecular build-

ing block (MBB) formula of Zr6(3-O)43-

OH)4(H2O)2(-O2C)8 (-O2C)4. 

  



 

Table 1. Selected Crystal Data and Details on 

Structure Determinations from SCXRD Analysis 

 ACM-10 ACM-11 

Empirical for-
mula 

C106.14H129.66N11.3

8O48.38S8Zr6 
C147.78H174.82N15.2

6O55.26S12Zr6 

Formula weight 3142.74 3981.04 

Crystal system Monoclinic Orthorhombic 

Space group P2/m Cccm 

Unit cell dimen-
sions 

a = 11.9579(7) 
Å,  

b =13.1129(8) Å, 

c = 20.925(1) Å,  

 = 98.672(2)°  

a = 15.1339(8) 
Å, 

b =27.942(2) Å, 

c = 42.169(2)Å, 

 

Volume 3243.5(3) Å3 17832(2)Å3 

Z, calculated 
density 

1, 1.609 Mg m-3 4, 1.483 Mg m-3 

F(000) 1601 8170 

Temperature 
(K) 

130.0(1) 296(2) 

Radiation type, 
 

Cu K1.54178 
Å 

Cu K1.54178 
Å 

Absorption co-
efficient 

5.79 mm-1 4.81 mm-1 

Absorption cor-
rection 

Multi-scan Multi-scan 

Max and min 
transmission 

0.753 and 0.547 0.127 and 0.048 

Crystal size 0.02 × 0.03 × 
0.03 mm 

0.03 × 0.04 × 
0.04 mm 

Shape, colour Prism, orange Prism, red-
brown 

 range for data 
collection 

3.4–50.5° 2.1–47.2° 

Limiting indices -11 ≤ h ≤ 11, -13 
≤ k ≤ 13, -20 ≤ l 

≤ 20 

-14 ≤ h ≤ 14, -
26 ≤ k ≤ 26, -40 

≤ l ≤ 40 

Reflection col-

lected / unique 
/ observed with 

I > 2(I) 

38895 / 3583 

(Rint = 0.041) / 
3247 

68422 / 4128 

(Rint = 0.105) / 
2608 

Completeness 
to max = 50.5° 

99.7 % 100.0 % 

Refinement 
method 

Full-matrix 
least-squares 
on F2 

Full-matrix 
least-squares 
on F2 

Data / re-
straints / pa-

rameters 

3583 / 166 / 
386 

4128 / 391 / 
364 

Final R indices 
[I > 2(I)] 

R1 = 0.049,  

wR2 = 0.136 

R1 = 0.073, 

 wR2 = 0.219 

Final R indices 
(all data) 

R1 = 0.053, 

 wR2 = 0.139 

R1 = 0.105, 

 wR2 = 0.254 

Weighting scheme [2(Fo
2)+ 

0.079P)2 + 

16.3732P]-1* 

[2(Fo
2)+(0.148

2P)2+129.9137P

]-1* 

Goodness-of-fit 1.06 1.05 

Largest diff. 
peak and hole 

1.61 and -0.80 e 
Å-3 

1.05 and -0.71 e 
Å-3 

*P = (Fo
2 + 2Fc

2)/3 

 

One MBB is connected to eight independent 

TTFTB ligands, and each TTFTB link four inde-

pendent hexanuclear clusters.  The final 2D 

framework features infinite sheets in the bc plane 

(Figure 1B and 1C). The topological analysis shows 

a double sql layer constructed from the bridged 

hexanuclear cluster where carbon atoms of the co-

ordinated carboxylates, acting as points of exten-

sion, coincide with the vertices of the square fig-

ure of the sql net and TTFTB acts as the 4-c node 

(Figure 1D).  

Three types of porous channels can be distin-

guished in ACM-10. Two along the a axis that ex-

hibit an aperture size of 6.6 Å and 3 Å, after for-
mate removal, and one along the b axis with an 

aperture of 5.4 Å. The two ligands on both sides, 

above and below the hexanuclear cluster, present 

a maximal distance between planes of two 

tetrathiafulvalene cores (>S2C=CS2<) of 8.67(1) Å 

leading to porous channel along the b axis. How-

ever, between two layers,  stacking exists with 

a short plane- to-plane distance of 3.25(1) Å be-

tween two ligands. Along the a direction, the hex-

anuclear clusters are linked via strong hydrogen 

bonding between the water molecules and for-

mate anions with donor-to-acceptor distances of 

2.61(1) Å.  

 

ACM-11 crystallizes in the space group Cccm 

with an orthorhombic crystal system. As in ACM-

10, the inorganic node is built from six Zr(IV) cat-

ions to form an hexanuclear cluster (Figure 1A). 

Two Zr(IV) cations are surrounded by four oxygen 

atoms from deprotonated carboxylate groups of 

four independent ligands and by two3-OH and 

two 3-O anions each. Each other four Zr(IV) cati-

ons possess two 3-O anions, two3-OH, two oxy-

gen atoms from two carboxylate group belonging 
to two independent TTFTB and two oxygens from 

two water molecules in their coordination sphere. 

 

 



 

 

Figure 1. Synthetic path and crystal structures of the two new 2D-ZrMOFs. (A) Building blocks used for the 
synthesis: 8-connected inorganic hexanuclear zirconium cluster and 4-connected organic ligand TTFTB build-

ing block (B) One layer of ACM-10, view along the b axis highlighting the double layer (C) Crystal structure of 

ACM-10 view along the a axis (D) representation of the sql topology of ACM-10(E) Crystal structure of ACM-

11 view along the b axis (F) One layer of ACM-11 view along the a axis highlighting the decorated TTFTB ligand 
(G) representation of the sql topology of ACM-11.

ACM-11 displays a similar 2D framework with 

sql topology, with infinite sheet connectivity in 

the ac plane (Figure 1G). ACM-11 can be described 

as a sql layer where the hexanuclear cluster and 

the TTFTB ligand act as 4-connected nodes (Figure 

1E). This layer is further decorated by two ligands 

in the perpendicular direction, b (Figure 1F). 

These decorative TTFTB ligands exhibit two pen-

dant carboxylates that are hydrogen-bonded to 

the water molecule of the hexanuclear cluster 

from the neighbor sheet. ACM-11 exhibits two 

kinds of cavities: channels along the axis a with 

an aperture size estimated around 5 Å and cages. 

Cages have an octahedral shape where two ver-

texes are Zr6 cluster and the tetrathiafulvalene 

core can be viewed as the other four vertexes. An 

aperture of 6.2 Å gives access to the cage which 

exhibit an internal diameter of 9 Å. Here, the 

shortest distance between two ligands from two 

neighbor layers is 6.97 Å. The shortest SS con-

tact distance is 4.89 Å, located between two per-

pendicular ligands. Both ACM-10 and ACM-11 fea-

ture multiple node-based sites that could play host 

to extrinsic metals. The metal-appendage ap-

proach has been widely used for other Zr-contain-

ing scaffolds, 59 but here the topology and MBB 



 

privilege both structures with the additions of po-

tentially higher metal loadings. 

One of our key targets in this work was to syn-

thesize an electronically interesting, stable, MOF. 

We first evaluated the stability of ACM-10 and 

ACM-11, the bulk materials were immersed in ac-

etonitrile and water for 24h. The PXRD pattern of 

ACM-10 shows no changes compared to the as-

synthesized sample, confirming that its structure 

is not affected. ACM-11 was less stable in water as 

evidenced by the broadening of the peaks (Figure 

S4 and Figure S5). 

The thermal stability of ACM-10 and ACM-11 
was evaluated using thermal gravimetric analysis 

(TGA) on the as-synthesized samples. Accord-

ingly, the TGA curves exhibit a first weight loss 

between 100 ˚C and 400 ˚C and 100 ˚C and 300 ˚C 

for ACM-10 and ACM-11, respectively, corre-

sponding to solvent departure (Figure S9 and Fig-

ure S10). Mass losses are in good agreement with 

formula as experimental and theoretical loss val-

ues are 28.1% and 27.7% and 18.8% and 20.5%, 

for ACM-10 and ACM-11, respectively. At temper-

atures exceeding 400 ˚C for ACM-10 and 300 ˚C 

for ACM-11, significant weight reductions are ob-

served and are associated with framework decom-

position. The structure analysis combined with 

TGA supports the presence of permanent mi-

croporosity. The nitrogen adsorption-desorption 

isotherm is presented Figure S11. The apparent 

specific Brunauer–Emmett–Teller (BET) surface 

areas are estimated to be 380 m2/g and 420 m2/g 

for ACM-10 and ACM-11, respectively. The associ-

ated pore volume of ACM-10 is 0.18 cm3/g (theo-

retical PV = 0.17 cm3/g) while the pore volume of 

ACM-11 is 0.25 cm3/g (theoretical PV = 0.23 

cm3/g). 

Electronically, both MOFs have visible absorp-

tion features. However, the emergence of color is 

usually orthogonally related to the conductivity of 

the framework. UV-vis spectra after Ku-

belka−Munk transformation are presented in Fig-

ure S6. As expected, a significant red shift is 

observed for ACM-11 compared to ACM-10. Indeed 

ACM-10 has a bright orange color whereas ACM-

11 present dark red crystal (Figure S1). Tauc plots 

(used to extract bandgaps) are shown in Figure 

S6. From this figure, the estimated bandgaps are 

~2.16 eV for ACM-10 and ~1.9 eV for ACM-11 (Fig-

ure S7 and Figure S8). Most colored MOFs also 

feature discretized electron energy levels. Explicit 

ligand redox can typically be probed using electro-

chemical measurements. Cyclic voltammograms 

(CVs) were performed in acetonitrile with 0.1 M 

tetrabutylammonium hexafluorophosphate and 2 

mg of ferrocyanide and are shown in Figure 2. Us-

ing a Pt electrode only the reversible oxida-

tion/reduction of Fe2+/3+ at 0.5 V vs. Ag/AgCl is ob-

served. The tetrathiafulvalene (TTF) core is 

known to undergo sequential and reversible oxi-

dations from TTF to the radical cation (TTF+•) fol-

lowed by the dication (TTF2+). However, only one 

large cathodic current was observed for ACM-10 

and ACM-11. Both materials showed a large ca-

thodic current from 0 V to −1.5 V vs. Ag/AgCl. This 

peak was irreversible after the first CV and no cor-

responding anodic peak was observed (Figure 

S12). This large cathodic current was ascribed to 

the reduction of the TTFTB in the MOF.  

 

Figure 2. First cyclic voltammograms curve (50 mV 

s−1) for ACM-10 (orange) and ACM-11 (purple) in ac-

etonitrile. Platinum for reference is in black 

To investigate the electrical conductivity of 

ACM-10 and ACM-11, the I–V curves of two-con-

tact probe pressed pellet devices were measured 

for three different batches of each material (Fig-

ures S13-S15). ACM-10 exhibited an average con-

ductivity of 3(2)  10–10 S/cm, with a champion 
value of 1.3(2)  10–9 S/cm. ACM-11 exhibited 

slightly higher conductivities, with an average 

value of 6(2)  10–9 S/cm and a champion value of 

1.8(2)  10–8 S/cm. It is worth to mention that the 

conductivities of ACM-10 and ACM-11 stayed sim-

ilar under inert and ambient conditions. The 

lower conductivity of ACM-10 and ACM-11 com-

pared to other frameworks based on TTFTB can be 

attributed to the absence of continuous π-stacking 

among the TTF moieties in the structure.35,40 Nev-

ertheless, these conductivity values indicate that 

intermolecular charge transfer (i.e. hopping) 

among the ligands is energetically accessible at 

ambient temperatures, consistent with the crys-

tallographic contact distances. 

While the electrical conductivity is less than de-

sired for sensing and capacitive technologies, 



 

quantum chemical simulations reveal unique op-

portunities for ACM-10 (see Figure 3). Unlike 

other Zr-containing framework, ACM-10 features 

a narrow electronic band gap (computed to be 1.7 

eV, in reasonable agreement with experimental 

data), arising from transitions between relatively 

high energy TTF-centered and TB-centered orbit-

als. These high energy electrons are readily liber-

ated (i.e. TTFTB is oxidized), resulting in deple-

tion of the valence band. In principle these holes 

would then move through the material, but here 

these TTFTB orbitals do not overlap in the crystal 

(the origin of low conductivity in this case). Mean-
while, the conduction band is relatively dispersed, 

with comparable electron affinity energetics to 

the UiO-series,60 suggesting that similar post-syn-

thetic modification routes may provide access to a 

chemically stable, visible light absorbing, catalytic 

scaffold. For example, one fruitful approach has 

been through the deposition of Ti4+ onto the sur-

face of the Zr-nodes. Such approaches did yield 

catalytic variants of UiO-type materials;58 their 

shortcoming has always been the wide electronic 

band gap and reliance on metals being appended 

to linker vacant sites. Here, ACM-10 boasts multi-

ple coordination sites for extrinsic metals, desir-

able band gap, and ideal chemical stability, mak-

ing this material compelling for future photocata-

lytic studies. 

 

Figure 3. The electronic band structure of ACM-10. 

The electronic band gap matches the red/orange 

color observed in synthesis. The valence band is com-
posed of highly localized TTFTB-centered orbitals, in 

line with the diminished TTFTB π-stacking in the 

crystal. The conduction band features surprisingly 

disperse bands, attributed to delocalized π electrons 
in the ligand anti-bonding orbitals.  

Thus, in order to demonstrate the potential ap-

plication of this framework for photocatalytic ap-

plications, we performed the postsynthetic modi-

fication of ACM-10 by Ti(IV) incorporation 

through the treatment of ACM-10 with Ti(OtBu)4 

followed by Pt photodeposition (Figure S16). Ti-

grafted ACM-10 with 0.06/1 Ti/Zr atom ratio ex-

hibits 5.2- and 10.8- times improved activity in 

HER (0.6 and 1.59 μmol h-1) under visible-light 

and UV+Vis irradiation respectively compare to 

pristine ACM-10 (Figure 4). Stability was con-

firmed with PXRD (Figure S17). 

 

Figure 4. Photocatalytic activity of ACM-10 and Ti-

grafted ACM-10 in hydrogen production under Visi-
ble (λ≥380 nm) and UV+Vis light (320-775 nm).  

Conclusions 

By combining an 8-conneced Zr cluster with the 

tetratopical ligand TTFTB we synthesized two 

new Zr based 2D metal organic frameworks. ACM-

10 and ACM-11 share a Sql topology that expands 

in two dimensions and isolate the redox linker at 

different interplanar distances. The electrical 

conductivities of ACM-10 and ACM-11, while rela-

tively low, indicate that some charge hopping 

among the electroactive TTF units is energetically 

accessible. ACM-10, in particular, is predicted to 

have a large potential for photocatalytic applica-

tions, with multiple coordination sites for extrin-

sic metals, a desirable band gap, and an ideal 

chemical stability. This hypothesis was experi-

mentally confirmed in photocatalytic hydrogen 
evolution. 
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