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  1.     Introduction 

 Metal-organic frameworks (MOFs) represent a particular class 
of coordination polymers which possess crystalline periodic 
structures and retain permanent porosity upon loss of solvent 
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molecules occluded in the crystal lattice 
during synthesis. Empirical construction 
rules have been developed during the last 
some 20 years, enabling scientists to build-
up quite successfully an ever-increasing 
number of topologically different frame-
works solids. However, to go beyond crystal 
engineering, that is, to engineer their 
electronic properties for implementing 
MOFs in electronic devices, [ 1 ]  photochem-
istry, [ 2 ]  or clean energy applications, [ 3 ]  a 
detailed analysis of their electronic band 
structures becomes necessary, a challenge 
which as yet has attracted much less atten-
tion by the scientifi c community. Notable 
exceptions include frameworks derived 
from the MOF-5 [ 4 ]  family of compounds, 
for which the electronic structure of the 
parent compound itself has been analyzed 
in great detail by quantum mechanical cal-
culations. [ 5 ]  Recent work has covered the 
infl uence of isostructural substitution of 

different building units in MOF-5-type compounds (Zn vs Co, [ 6 ]  
Cd, Be, Mg, and Ca, [ 7 ]  O 2−  vs S 2− , Se 2−  [ 8 ] , including in-depth 
studies on the infl uence of the organic dicarboxylate linkers 
on the band structure of the resulting solids, [ 9 ]  and screening 
of combinatorial substitutions (metal ions, linkers). [ 10 ]  Similar 
combined theoretical and spectroscopic investigations were 
also reported for UiO-66. [ 11 ]  Only very few experimental studies 
have been so far devoted to the electrical conductivity of metal-
organic frameworks, [ 12 ]  which, however, were not comple-
mented by theoretical studies, in contrast to covalent-organic 
frameworks (COFs) and π-stacked self-organized organic solids, 
the electrical conductivity and charge carrier mobility of which 
have been measured and analyzed by theoretical approaches. [ 13 ]  

 Metal-organic frameworks inherit both characteristic prop-
erties of molecular as well as ionic solids, which results from 
their structural building units comprising small (charged) 
organic molecules ( = ligands or linkers) and (transition) metal 
ions. Merging both components into three-dimensional peri-
odic solids, a (moderate) spreading and shift of electron energy 
levels thus is expected, compared to the corresponding zero-
dimensional building units. 

 Intended as case study, we here present combined investiga-
tions on the dielectric properties, dc-/ac-electrical conductivity, 
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and optical/electronic band gaps of the metal-organic frame-
works MFU-4, [ 14 ]  and Co-MFU-4, [ 15 ]  which are gleaned from 
spectroscopic and quantum mechanical methods. MFU-4-type 
frameworks [ 16 ]  possess unique structural features that render 
them attractive candidates for developing novel semiconductors 
which combine structural and chemical robustness, high porosity 
(specifi c surface area values typically exceeding 1000 m 2  g –1 ), 
thermal stability up to 350 °C in air and 500 °C in inert atmos-
phere, stability against moisture under ambient conditions, and 
options for a systematic fi ne adjustment of electronic properties, 
that is, matching of the Fermi energy level, electronic and optical 
band gap, and conductivity. 

 The parent compound MFU-4 (Metal-Organic Frame-
work Ulm-University-4) crystallizes in a cubic lattice, within 
space group  F m ( 1)  m (no. 225),  a  = 21.697(3) Å. The frame-
work is composed of so-called Kuratowski-type coordination 
units, which are cross-linked into three dimensions ( Figure  
  1  ). [ 17 ]  Substituting all Zn 2+  by Co 2+  ions leads to Co-MFU-4, 
which—based on atom positions and crystallographic sym-
metry—is isostructural with MFU-4. Introducing paramagnetic 
cobalt centers into this framework, however, leads to dramatic 
changes of the framework’s electronic properties, as revealed 
by different spectroscopic techniques. Note that the formal sub-
division of metal-organic frameworks into secondary building 
units (SBUs) such as those shown in Figure  1 , is different 
to the conventions in zeolite science, [ 18 ]  but can be justifi ed 
on the base of DFT calculations as will be shown in the fol-
lowing. Freshly prepared MFU-4 (Co-MFU-4, resp.) contains 

 N,N -dimethylformamide (DMF) solvent molecules, which are 
occluded in the large voids of the framework (the fraction of 
void volume of the unit cell is about 58%). Each cubic unit cell 
of MFU-4 contains 4 almost spherical cavities with an approx. 
diameter of ca. 12 Å. Based on the results from thermogravi-
metric analysis (TGA) each of these encloses up to six DMF 
molecules ( Figure    2  ), [ 14 ]  which can be completely removed if 
the sample is heated up to  T  = 320 °C and kept for 16 h in high-
vacuum ( p  = 0.1 mbar).

    Employing dielectric spectroscopy performed at tempera-
tures between 10 and 600 K, a variety of relaxation processes 
is detected in both materials. They can be ascribed to reorienta-
tional motions of dipolar (solvent) molecules trapped within the 
pores of the metal-organic framework, suggesting MFU-4 as an 
interesting material for testing molecular dynamics in confi ned 
environment. Dielectric spectroscopy applied to MOFs [ 19 ]  is an 
excellent analytical technique to probe the residual amount 
of occluded solvent molecules, which remains in the porous 
framework upon heat treatment/evacuation. Knowing and 
controlling the total amount of occluded solvent molecules is a 
crucial requirement for quantitative studies of the frameworks’ 
electronic properties, especially if a quantitative comparison to 
results from quantum mechanical calculations is intended. In 
addition, dielectric measurements on the pure frameworks (i.e., 
all solvent molecules being removed) reveal information on 
the dc conductivity of these materials, reaching values as low 
as 10 –14  Ω –1  cm –1 . Its temperature dependence shows thermally 
activated behaviour and the energy barriers determining the 
charge transport were deduced for both materials. These results 
are compared to the gap energies as revealed by diffusive UV/
VIS/NIR refl ectance spectroscopy and full band structure cal-
culations employing plane-wave DFT with GGA and hybrid 
functionals (PBE, HSE). Band conduction with an energy bar-
rier of the order of 3 eV is the dominating charge transport 
process for MFU-4. In contrast, in Co-MFU-4 the situation is 
more complex and hopping conductivity of localized electrons 
seems to play an important role in this material. Both results 
are discussed with respect to results from quantum mechanical 
calculations, thus leading to guidelines for tailoring electronic 
properties of this class of semiconducting microporous solids 
via a building block approach.  

  2.     Results and Discussion 

  2.1.     Relaxation Dynamics 

 Frequency dependent dielectric measurements employing 
a capacitor cell (Experimental Section) were performed on 
powder samples of MFU-4 which have been subjected to dif-
ferent pretreatment conditions.  Figure    3   shows the tempera-
ture dependence of the dielectric constant  ε ′ and the real part 
of the conductivity  σ ′ of MFU-4 for various measurement fre-
quencies. The curves shown have been collected in two sepa-
rate measurement runs, below and above room temperature, 
with a new preparation of the sample capacitor before each 
run. Obviously, the two sets of conductivity curves do not per-
fectly match at 300 K. This demonstrates the dependence of  σ ′ 
on sample history (especially, pressure and moisture), despite 
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 Figure 1.    Stepwise assembly of MFU-4-type frameworks from different 
building units: a) metal ions (M) and benzo[1,2- d :4,5- d ′]bis([1,2,3]tria-
zolate (BBTA 2− ) linkers; b) [M 5 Cl 4 (BBTA) 6 ], a Kuratowski-type secondary 
building unit; c) MFU-4 crystal model showing two unit cells, one of 
which includes the 3d model of a Connolly surface, calculated for a sol-
vent probe radius of 1.2 Å.
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both samples have been subjected to vacuum before the meas-
urement for the same period of time (see experimental sec-
tion). At low temperatures,  ε ′( T ) (Figure  3 a) is of the order 
of 2 and nearly temperature and frequency independent (less 
than 10% variation). The dielectric constant in this region 
can be assumed to mainly arise from the ionic and electronic 
polarizability, i.e., it represents the quantity usually termed 
 ε  ∞ . However, as shown in the inset of Figure  3 , at least two 
small successive steps in  ε ′( T ) are superimposed to this con-
stant value. They shift to higher temperatures with increasing 
frequency, thus showing the typical signature of relaxation 
processes. [ 20 ]  The step-like behavior of  ε ′( T ) can be ascribed 
to the fact that, for a given frequency, the relaxing entities can 
no longer follow the ac fi eld when temperature is lowered. At 
high temperatures,  T  > 400 K, a strong, frequency-dependent 
increase of  ε ′ is found, which also may represent contributions 
from relaxational response and/or from hopping conductivity 
( ε ′ ∝  ν s   –1  with  s  < 1). [ 21 ]   

 In  σ ′( T ) (Figure  3 b), a number of peaks and shoulders show 
up (the most pronounced ones observed in the low-temperature 
region are marked by I–III), which shift to higher temperatures 
with increasing frequency. [ 22 ]  Again, this behavior is typical 
for relaxation processes. [ 20 ]  In  ε ′( T ), corresponding steps are 
expected, with their points of infl ection occurring at the peak 
positions in  σ ′( T ). As mentioned above, for the lower tempera-
tures these relaxation steps are shown in the inset of Figure  3 . 
At the peak, the measurement frequency is related to the relax-
ation time via 2π ν  = 1/ τ . As the relaxation time characterizes 
the dynamics of the relaxing entities, for thermally activated 
processes  τ  should decrease with increasing temperature. This 
explains the observed shift of the relaxation peaks (and steps in 
 ε ′) with frequency. 

 In  Figure    4   the frequency dependence of the dielectric loss 
is shown for the same sample. The spectra measured at var-
ious temperatures below 200 K reveal peaks that arise from 
the same relaxation processes as the corresponding peaks 
in Figure  3 , marked by I–III. Again, at the peak position the 
relation 2π ν  = 1/ τ  applies. In this temperature region, three 
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 Figure 2.    Packing plot of a wire model of MFU-4 (yellow), in which 
internal voids are fi lled with  N,N -dimethylformamide (DMF) solvent mol-
ecules. The cubic face-centered unit cell contains four almost spherical 
cavities holding up to 24 DMF molecules in total, which become occluded 
during synthesis. For clarity only those 6 DMF molecules are high-lighted 
as CPK models which are located in the central cavity. (DMF: C, grey; N, 
blue; H, white; O, red).

 Figure 3.    Temperature dependence of a) the dielectric constant and b) 
conductivity of MFU-4 heated at 280 °C in vacuum, measured at various 
frequencies. The inset shows a magnifi ed view of  ε ′( T ) in the region 
below room temperature for selected frequencies. In the low-temperature 
region, three relaxation processes are revealed, denoted as I–III.

 Figure 4.    Frequency dependence of the dielectric loss of MFU-4 (heated 
at 280 °C in vacuum) as measured at selected temperatures. The lines 
are guides for the eyes. Three relaxation processes are revealed, corre-
sponding to those labeled I–III in Figure  3 .



FU
LL

 P
A
P
ER

3888

www.afm-journal.de
www.MaterialsViews.com

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

separate relaxation processes show up: The peaks at 199, 151, 
and 126 K correspond to process I, observed between 100 and 
200 K in Figure  3 b. Their strong shift to lower frequencies 
directly mirrors the slowing down of the relaxation dynamics 
when temperature is lowered. Below about 120 K, this peak 
shifts out of the frequency window and a second process shifts 
in from high frequencies, which explains the observed peaks at 
99, 75, and 63 K. It is related to the small maxima denoted as 
process II in Figure  3 b. Finally, at even lower temperatures, a 
third peak enters the frequency window (30, 39, and 51 K). It 
corresponds to the strongest process, denoted as III, observed 
at the lowest temperatures in Figure  3 b.  

 Generally, spectral signatures of relaxations as revealed 
in Figures  3 , 4  can arise from different phenomena. [ 20,23,24 ]  
Intrinsic relaxation processes usually involve the reorientation 
of dipolar entities. These entities can be dipolar molecules, 
for example, in liquids and supercooled liquids like water or 
glycerol. [ 23 ]  In some crystalline materials (sometimes termed 
“plastic crystals”) molecular reorientations are possible, too, [ 25 ]  
a prominent example being Buckminster fullerene (C 60 ). [ 26 ]  
In addition, intramolecular degrees of freedom, involving the 
reorientation of a dipolar moment, can also lead to relaxation 
features in dielectric spectra. Well-known examples are the side 
group motions of polymers. [ 27 ]  In the present case of MFU-4, 
one may suspect that residual amounts of the solvent DMF, 
used during sample synthesis, or of absorbed water are located 
within the cages formed by the metal-organic framework. These 
dipolar molecules, whose reorientation may be infl uenced by 
interactions with the cage walls or other absorbed molecules, 
can be assumed to lead to at least some of the observed relaxa-
tion features revealed by Figures  3 , 4 . 

 To check for this notion, we have performed additional 
dielectric measurements of a MFU-4 sample, for which the 
DMF solvent was not removed after sample synthesis and for a 
sample heated under vacuum at higher temperature of 320 °C 
instead of 280 °C. (Measurements were performed both under 
cooling and heating, revealing no signifi cant difference of both 
runs. Thus a variation of the DMF content during the dielectric 
characterization can be excluded. In  Figure    5  , only the heating 
results are shown to avoid overcrowding of the fi gure.) Figure  5  
compares the  ε ′( T ) and  ε ”( T ) results for the three samples at 
temperatures below 300 K and selected frequencies. Indeed, 
as can best be seen in  ε ”( T ) shown in Figure  5 b ,  relaxation 
process I is most pronounced in the sample containing large 
amounts of DMF. Its amplitude is strongly reduced by about a 
factor of 10 for the sample heated at 280 °C and it is completely 
suppressed in the sample kept at 320 °C. This fi nding clearly 
points to a solvent-related origin of at least one of the observed 
relaxations, which in the 280 °C sample can be ascribed to 
minor residual amounts of DMF. However, it should also be 
noted that the rather sharp relaxation peaks arising in the 
region around 50 K in the sample heated at 280 °C (peak III 
in Figure  5 b), are much weaker or even absent in both the non-
treated sample and the sample annealed at a higher tempera-
ture. Moreover, the non-treated sample exhibits another high-
temperature peak of unknown origin (e.g., at 200 K for 1 Hz), 
not detected in the other samples.  

 The maximum number of DMF molecules that can reside 
in a pore of the MFU-4 structure is six, [ 14 ]  which should be the 

case for the non-treated sample. However, in the sample heated 
at 280 °C, also cases should occur where the number of DMF 
molecules per pore is smaller. Thus, the additional relaxations 
II and III, observed in this sample at lower temperatures (i.e., 
faster relaxation rates) than process I, can be assumed to be due 
to pores fi lled with a smaller number of molecules, leading to 
less restricted reorientational motions. In  Figure    6  , we present 
the relaxation map of this sample.  τ ( T ) as determined from the 
peak positions in Figures  3 , 4  is shown in Arrhenius representa-
tion, which should lead to linear behavior for thermally activated 
motions according to the Arrhenius law,  τ  =  τ  0  exp[ E /( k  B  T )] 
( τ  0  is an inverse attempt frequency and  E  represents the acti-
vation energy). Indeed, reasonable linear fi ts are possible for 
processes I–III. From their slopes, energy barriers of 0.40 eV 
(process I), 0.13 eV (II), and 0.060 eV (III) are deduced.  

 In addition, in Figure  6  also relaxation times of pure DMF 
are included, partly taken from literature [ 28 ]  (248 – 338 K) 
and partly determined in the present work (173 – 213 K). The 
latter includes data measured in the supercooled liquid state 
below the melting point of 213 K. Using cooling rates of up 
to 0.6 K min –1 , supercooling of the bulk material (DMF) was 
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 Figure 5.    Temperature dependence of a) the dielectric constant and 
b) loss at various measurement frequencies. The open symbols show the 
results for a MFU-4 sample, for which the DMF solvent was removed at 
280 °C (data from the same measurement are also shown in Figures  3 , 4 ), 
while the stars show the results for the sample subjected to 320 °C. For 
clarity, for the latter only data at a single frequency are shown. The closed 
symbols were obtained for a sample prepared without removing the 
DMF. The lines in (b) are guides for the eyes.
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possible down to 173 K while below this temperature crys-
tallization occurred. The line through the data points is 
a fi t with the modifi ed Vogel-Fulcher-Tammann (VFT) 
law,  τ  =  τ  0  exp[ D T  VF /( T  –  T VF  )], where  D  is the so-called 
strength parameter and  T  VF  is the Vogel-Fulcher tempera-
ture. [ 29,30 ]  This empirical law is often used to parameterize 
relaxation-time data in liquids and supercooled liquids. [ 23 ]  Phe-
nomenologically, the super-Arrhenius behavior as described 
by the VFT law can be thought to result from a temperature-
dependent energy barrier. 

 It becomes obvious from Figure  6  that none of the relaxa-
tions found in MFU-4 provides a reasonable continuation of 
the relaxation time curve of DMF. To explain this fi nding, we 
suggest that peak I corresponds to the case of six molecules per 
cage. For this maximum pore fi lling, the relaxation is consider-
ably slowed down due to sterical hindering of reorientational 
motion compared to pure DMF. Processes II and III can be 
assumed to be due to cases of a smaller number of DMF mol-
ecules per pore, which leads to faster relaxation due to a less 
dense packing of the DMF molecules in the pores. Processes 
II and III seem to be faster than the reorientational motion in 
pure DMF, estimated by an extrapolation of the VFT curve in 
Figure  6 . Such an acceleration of relaxations in confi ned geom-
etry is a well-known effect, occurring when exchange interac-
tions with the pore wall can be neglected. [ 31 ]  It mirrors the fact 
that in most liquids, it is the interaction between individual 
molecules that make relaxation processes slow and in fact it 
is the growing correlation length scale that fi nally leads to the 
glass transition at low temperatures in many liquids. [ 32 ]  In the 
fully packed pores of the non-treated sample, the relaxation 
may be sterically hindered but in the less densely packed cases, 
the reduced correlations due to the reduction of the number of 
next neighbors, compared to the bulk, comes into effect and 

leads to an acceleration of reorientational motion. It should 
be noted that relaxations II and III closely follow Arrhenius 
behavior (Figure  6 ), in marked contrast to the non-Arrhenius 
 τ ( T ) curves of bulk DMF. Remarkably this is just what was 
found in various experiments on confi ned liquids, where deep 
in the supercooled state a transition to Arrhenius temperature 
dependence of  τ ( T ) was reported. [ 31 ]  This was ascribed to single-
molecules dynamics with strongly reduced cooperativity arising 
from the confi nement. 

 The dynamic electrical poling behavior of DMF-loaded MFU-4 
was also examined by molecular dynamics (MD) simulations 
(see Supporting Information for technical details), which glean 
further support to the assumption that the relaxation processes 
observed in dielectric spectroscopy experiments are due to the 
(rotational) motion of occluded DMF molecules, responding to 
the applied external electric fi eld. Since computational modeling 
of the dynamic behavior of solvent-loaded MFU-4 was much 
simpler to implement in time than in frequency domain, a 
series of force fi eld based MD trajectories were recorded in order 
to glean an atomistic picture of the electrical poling process. [ 33 ]  
Briefl y, periodic box models containing atomic ensembles of 
pure DMF, MFU-4, and DMF-loaded MFU-4 were subjected to a 
constant electrical fi eld, which was applied in  z -direction. Upon 
switching off the fi eld, the depolarization of the simulation box 
with time was sampled at constant temperature (298 K) and con-
stant volume or pressure (1 atm). Representative traces of the 
time-dependent changes of the z-component of the simulation 
cells’ dipole moments are shown in  Figure    7  .  

 Employing non-linear regression analysis, the relaxation 
data shown in Figure  7  were fi tted as single exponential decays 
(function:  y  0 + A  e (  -t  /   τ   ) ) yielding characteristic decay time con-
stants of  τ  = 6.6 ps for DMF@MFU-4, and  τ  = 25.3 ps for pure 
DMF. The corresponding relaxation data of the MFU-4 frame-
work without DMF, in contrast, showed a much faster depo-
larization (Figure  7 , inset) which could not be fi tted by a single 
exponential decay. Time and frequency-domain data are directly 
related via Fourier transformation and, thus, the relaxation 
times obtained from their analysis can be directly compared. 
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 Figure 6.    Temperature dependence of relaxation times of the three 
fastest processes (I–III) in MFU-4 annealed at 280 °C (circles, triangles, 
and squares). The lines are linear fi ts. Diamonds show the relaxation 
times of liquid and supercooled DMF. The data in the liquid state at 
1000/ T  < 4.5 K −1  were taken from ref.  [ 28 ] . The line shows a fi t with the 
Vogel-Fulcher-Tammann (VFT) function ( τ  0  = 1.8 × 10 −13  s,  D  = 11.8, 
 T  VF  = 76.5 K). The solid symbols show  τ  at 298 K of pure DMF and of 
DMF loaded in MFU-4 as obtained from MD simulations.

 Figure 7.    Time-dependent depolarization curves derived from atomistic 
MD runs of periodic boxes containing pure DMF molecules (red curve), 
or DMF-loaded MFU-4 (black curve) sampled at 298 K (UFF force fi eld). 
The inset shows the corresponding data for MFU-4 without DMF. (Note 
the largely different time scales for the latter MD run. Technical details of 
the simulations are given in the Supporting Informations).
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The time constants at 298 K, derived for DMF from the time-
dependent depolarization curves of Figure  7  ,  are shown as 
closed symbols in Figure  6 . Obviously, both values of  τ  are 
of similar order of magnitude as those obtained from dielec-
tric spectroscopy for pure DMF and also for occluded DMF if 
extrapolated to room temperature. Thus, atomistic simulations 
reveal in a semi-quantitative manner that in fact the experi-
mental relaxation processes observed by dielectric spectroscopy 
should be ascribed to the dynamic re-orientation of polar sol-
vent molecules in the voids of the framework. Targeting at a 
quantitative correlation between experimental and simulated 
values would require a customized force fi eld including a pre-
cise adjustment of force-fi eld parameters to suitable reference 
systems, for the non-bonding interactions in particular, a major 
task which is clearly beyond the scope of the present studies. 
In any case, the present results demonstrate that metal-organic 
frameworks represent promising host systems for the investi-
gation of glass-forming materials under confi ned geometry. 
They may serve for the investigation of correlation length scales 
and also of the supercooled states of materials that cannot be 
easily supercooled and strongly tend to crystallize in bulk form 
(e.g., water). In this context, it should be noted that in the pre-
sent case processes I – III were observed far below the melting 
point of DMF (213 K), that is, deep in the supercooled state, 
which seems to be inaccessible for the bulk material.  

  2.2.     Electrical Conductivity and Charge Transport 

 In  Figure    8  a, we show the conductivity  σ ′( T ) of MFU-4 (heated 
at 280 °C) and Co-MFU-4 for various frequencies. Just as for 
MFU-4 (cf. Figure  3 b), also in Co-MFU-4 several peaks and 
shoulders show up in  σ ′( T ), indicating relaxational behavior. 
Here we focus on the charge transport properties of these mate-
rials. Figure  8 a reveals that for comparable frequencies the con-
ductivity of the Co sample is signifi cantly higher than for the 
pure sample. At the highest temperatures and lowest frequen-
cies investigated, the  σ ′( T ) curves in Figure  8 a for each material 
approach each other, that is, the conductivity starts to become 
frequency independent. Thus, here the measured  σ ′( T ) repre-
sents the dc conductivity  σ  dc ( T ). Based on a comparison of the 
0.01 Hz and 0.02 Hz curves, the 0.01 Hz curve can be assumed 
to be a good estimate of the dc conductivity above a temperature 
of about 480 K for MFU-4 and 420 K for Co-MFU-4. It should 
be noted that for both systems the dc conductivity is relatively 
low, reaching values below 10 –13  Ω –1  cm –1  for the pure sample, 
which is far out of the resolution limit of most conventional dc 
measurement techniques.  

 For the dc conductivity of semiconductors and insulators, 
often an Arrhenius law,  σ  dc  ∝ exp[– E /(2  k  B  T )] is found, where 
 E  represents the energy gap between valence and conduction 
band. Figure  8 b shows an Arrhenius representation of the con-
ductivities at 0.01 Hz at high temperatures, where they rep-
resent the dc values. Here a possible Arrhenius temperature 
dependence of  σ  dc ( T ) should lead to linear behavior, which 
for MFU-4 indeed is found. For Co-MFU-4,  σ  dc (1/ T ) can be 
described by a straight line below about 500 K only. [ 34 ]  Towards 
higher temperatures, the dc conductivity continuously exceeds 
the Arrhenius behavior. This is expected when in a complex 

band structure an increasing number of direct and indirect 
transitions become possible at elevated temperatures. Thus it 
seems reasonable that the linear region of the dc conductivity 
below about 500 K is dominated by the intrinsic band gap. The 
lines in Figure  8 b represent fi ts by the Arrhenius law, revealing 
energy barriers of 2.9 eV for the pure system and 1.8 eV for 
Co-MFU-4.  

  2.3.     Optical Band Gaps 

 The absorption coeffi cient  α  is related to the measured dif-
fusive refl ectance  R  via the Kubelka-Munk function:  F  KM  = 
 α / s  = (1 –  R ) 2 /2 R , where  s  is the scattering coeffi cient.  Figure    9   
shows plots of  F  KM  of MFU-4 and Co-MFU-4 at room tempera-
ture, allowing to estimate a band gap value of 3.05 eV (MFU-4) 
and 1.84 eV (or 2.72 eV; see discussion below) (Co-MFU-4). 
A more detailed band gap analysis was performed using so-
called Tauc plots of the spectral data. [ 35 ]  Within this approach, 
the absorption coeffi cient  α  should be related to the band gap 
energy  E g   according to the following equation:  αhν  ∝ ( hν  –  E  g )  n  , 
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 Figure 8.    a) Comparison of the temperature-dependent conductivity of 
MFU-4 (blue) and Co-MFU-4 (red) for various frequencies. b) Conduc-
tivity at 0.01 Hz for MFU-4 and Co-MFU-4 in Arrhenius representation 
(in MFU-4, the measurements were extended up to 600 K in a sepa-
rate low-frequency measurement). The plot is restricted to the high-
temperature region, where  σ ′ at 0.01 Hz provides a reasonable estimate 
of the dc conductivity. The lines are fi ts assuming Arrhenius behavior, 
 σ  dc  ∝ exp[– E /(2 k  B  T )]. The resulting energy barriers are noted in the Figure.
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where  n  is 1/2, 3/2, 2, or 3 for direct allowed, direct forbidden, 
indirect allowed, or indirect forbidden transitions, respectively. 
Assuming, that  s  is independent of wavelengh, the Kubelka-
Munk function can be used to prepare Tauc plots (One should 
be aware that for small band gaps and cases close to single-mol-
ecules excitations, it is rather unclear if the use of Tauc plots is 
justifi ed. However, it seems the only reasonable alternative to 
a linear extrapolation as shown in Figure  9  and in the present 
case leads to rather similar results).  

  Figure    10   shows such plots, corresponding to a represen-
tation that should linearize the data in the region of the elec-
tronic gap excitation for the case of a direct allowed transition. 
For MFU-4, a clearly-developed absorption edge shows up 
with a well-defi ned linear region, whose extrapolation leads to 

a band gap of about 3.08 eV. It should be noted that we also 
found reasonable linear behavior in Tauc plots with exponents 
2/3, 1/2, and 1/3, and therefore it is diffi cult to make a state-
ment concerning the validity of the different types of inter-
band transitions. However, all these plots give very similar 
values of the band gap for MFU-4 ranging from 3.01–3.08 eV, 
which, moreover, are very close to the value obtained directly 
from the diffuse refl ectance spectrum (Figure  9 ). The resulting 
band gap of 3.08 eV for MFU-4 is in reasonable accord with the 
energy barrier of 2.9 eV determined from the dc conductivity 
as extracted from the dielectric spectroscopy measurements 
(Figure  8 b).  

 In the case of Co-MFU-4, the spectrum shows a strong 
absorption band of the tetrahedrally coordinated Co 2+  ions, cor-
responding to transitions within the crystal-fi eld split 3d multi-
plet, with its maximum at approximately 2.1 eV (= 600 nm). [ 36 ]  
The value of the optical band gap therefore depends on the 
interpretation of this additional spectral feature. In order to 
compare the spectral features of Co-MFU-4 to those of MFU-4 
one may defi ne the intrinsic optical band gap of the former as 
given by electronic transitions between ligand-centered molec-
ular orbitals or bands. Accordingly, this leads to a cut-off energy 
and band gap value of 2.72 eV, which is slightly lower than 
for MFU-4. The corresponding Tauc plot shown in Figure  10  
allows for a more accurate determination. The extrapolation of 
the found linear region reveals a band gap of about 2.86 eV. 
Tauc plots (not shown) for the other transition types lead to 
similar band gap values. Again, arriving at a clear preference 
for a certain transition type is diffi cult). For the sharp absorp-
tion centered around 2.1 eV (600 nm), which we tentatively 
assigned to the spin-forbidden metal-centered d-d transitions 
of tetrahedrally coordinated Co(II) ions, the Tauc plot reveals 
an alternative band gap value of about 1.87 eV. Interestingly, 
this value is in very close agreement with the energy barrier of 
1.8 eV, determined from the dc conductivity (Figure  8 b). Theo-
retical investigations discussed in the following chapter suggest 
that these low-energy transitions are related to ligand-to-metal 
charge-transfer electron transitions, which are spin-allowed 
and, therefore, can be seen as a means to narrow the intrinsic 
band gap of Co-MFU-4.  

  2.4.     Quantum Mechanical Calculations 

 In order to glean deeper insights into the different mechanisms 
by which the electronic energy levels (including band gaps) of 
MFU-4 compounds can be infl uenced by different building 
units, quantum mechanical investigations are mandatory. Peri-
odic models were used to simulate the MFU-4 unit cells (with 
Zn and Co). In order to choose the appropriate method to cal-
culate accurate band gaps we benchmarked our methods with 
ZnO and MOF-5 for which experimental data are available. 
These results are complemented by calculations of discrete 
clusters (i.e., Kuratowski units, Figure  1 ) representing appro-
priate secondary building units of the periodic MFU-4-type 
frameworks. The purpose of including cluster models here, is 
to follow the relative shifts and dispersion of electronic energy 
levels when going from zero dimensional discrete molecular 
units to three-dimensional periodic frameworks. 
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 Figure 9.    Spectra of  F  KM  of MFU-4 (blue curve) and Co-MFU-4 (red curve) 
as determined from diffuse UV/vis refl ectance measurements sampled 
at room temperature. The dashed lines demonstrate the cut-off energies, 
corresponding to the band gap values.

 Figure 10.    Tauc plots for MFU-4 (blue curve) and Co-MFU-4 (red curve) 
sampled at room temperature assuming a direct (allowed) transition. The 
dashed lines represent fi ts of the linear regions.
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  2.4.1.     MFU-4 and Co-MFU-4 (Periodic Calculations) 

 Band gap calculations for MFU-4 (Table S1, Supporting Infor-
mation) using the GGA functionals (PW91 and PBE) indicate 
values of 2.53 and 2.52 eV respectively, whilst the hybrid func-
tional HSE gives a value of 3.43 eV. The latter value, which 
is the most confi dent value due to the accuracy of HSE, is 
the closest to the experimentally measured value of 3.08 eV 
(Figure  10 ). Considering the extrapolation of the diffuse refl ec-
tance data at 0 K (Section 5 in Supporting Information), the 
diffuse-refl ectance measurement gives a band gap of 3.16 eV, in 
reasonable agreement with the calculated (3.43 eV) value. 

 Analysis of the density of states ( Figure    11  ) indicates a major 
participation of the atoms from the organic ligand and also 
the chlorine atoms in the valence band, whilst the conduction 
band is mainly contributed by atoms from the organic ligand. 
None of the Zn atoms (neither in octahedral nor in tetrahedral 
sites) is involved in the valence or conduction bands close to 
the Fermi energy level.  

 For the Co-MFU-4 unit cell, a band gap of 2.63 eV is found. 
The periodic calculation, as in the case of MFU-4 has been car-
ried out with the HSE functional, a cutoff of 450 eV, 700 bands 
included in the calculation, and one single k-point considered 
due to the large size of the unit cell (204 atoms and 5305 Å 3 ). 

All Co atoms were considered to be in a high spin confi gura-
tion. The band gap obtained (2.63 eV) is considerably higher 
than the experimental value obtained in this work from the 
diffuse refl ectance data (1.87 eV) and from conductivity meas-
urements (1.8 eV; see  Table    1   and Figures  8 b, 10 ). Using the 
extrapolation at 0 K (see Section 5 in Supporting Information) 
from the diffuse-refl ectance data, the experimental value for 
the band gap is 1.95 eV, slightly closer to the calculated value 
(2.63 eV) than the value obtained from Figure  8  (1.87 eV). 
Taking into account the high energy extrapolation at 0 K, the 
experimental determination, 2.90 eV, would be very close to 
the calculated. However, from our theoretical analysis we can 
not establish which of the two assignments (low energy, high 
energy) should be compared.  

 As stated in the previous chapter, the main difference with 
respect to MFU-4 is the participation of occupied and unoccu-
pied Co(3d) orbitals in the valence and conduction bands of the 
framework close to the Fermi energy level, leading to a signifi -
cant narrowing of the band gap energy (see  Figure    12   and also 
supporting information, Figures S7–S9). While the occupied 
metal-centered orbitals or bands result mainly from the tetrahe-
drally coordinated Co(II) ions, the energetically low-lying unoc-
cupied electron states, in contrast, are exclusively contributed 
by the octahedrally coordinated Co(II) ions, which coordinate to 
the N2 (central nitrogen) atoms of the BBTA ligands.   

  2.4.2.     MFU-4 and MFU-4-Co (Cluster Calculations) 

 Clusters employed in the calculations (M 5 Cl 4 (HBBTA) 6 , with M = 
Zn II ,Co II ) are shown as Supporting Information (Figure S11). 

 The result on Zn 5 Cl 4 (HBBTA) 6  gives a HOMO-LUMO gap of 
3.15 eV, very close to the periodic calculated value (3.43 eV). On 
Co 5 Cl 4 (HBBTA) 6 , three spin states have been taken into account 
with  S  = 1.5, 4.5 and 7.5, corresponding to 3, 9 and 15 unpaired 
spins respectively. This depends on how the spins of each Co 
atom, each of them with a high spin confi guration ( S  = 1.5), 
interact with the spins of the other Co atoms. The latter case 
corresponds to a ferromagnetic ordering, whilst in the other 
cases there is less coupling between the spins of adjacent Co 
atoms. The lowest energy was obtained for the system with the 
highest spin ( S  = 7.5) which contains 340 alpha-electrons and 
325 beta-electrons. The HOMO-LUMO gap is localized in the 
beta-wavefunctions and it gives a value of 2.15 eV. This value 
is close to the experimental value (1.87 eV) obtained in this 
work from the diffuse refl ectance data (Figure  10 ), and also 
close to the 1.8 eV obtained from conductivity measurements 
(Figure  8 b). 
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 Figure 11.    Total and partial density of states (DOS, PDOS) in the peri-
odic (top) and cluster (bottom) calculations of MFU-4. PDOS have been 
decomposed into the ligand (BBTA), chlorine (Cl), octahedral and tetra-
hedral Zn atoms. The vertical dashed line indicates the Fermi energy level 
for MFU-4 at 0 K.

  Table 1.    Calculated band gaps (eV) for MFU-4 and Co-MFU-4 using HSE 
functional (periodic and cluster calculations).  

 MFU-4 Co-MFU-4

periodic 3.43 2.63

cluster 3.15 2.15

experimental a) 2.9 1.8

experimental b) 3.08 1.87 (2.86)

    a)  Conductivity studies, cf. Figure  8 ;  b) Optical spectroscopy, cf. Figure  10 .   
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 An analysis of the molecular orbitals contributes to give 
an interpretation of the band gap values. First, for the MFU-4 
cluster (Zn 5 Cl 4 (HBBTA) 6 ), all frontier orbitals are mainly par-
ticipated by the organic ligand (see Supporting Information, 
Figure S12). This is in agreement with our previous study [ 37 ]  
of the photophysical properties of the MFU-4 related com-
pound [Zn 5 Cl 4 (Me 2 BTA) 6 ], where a band at 282 nm (4.4 eV) 
was measured in the UV-visible absorption spectrum. This rela-
tively intense band was assigned to the ligand centred π→π* 
transition of Me 2 BTA − , and is also present in the molecular 
compound Me 2 BTAH. Previous TD-DFT/HCTH/TZVP calcu-
lations, with a result of 4.46 eV, confi rmed such assignment 
and indicated no participation of the metal atoms in the UV/vis 
spectrum. Interestingly, we have observed decreasing HOMO-
LUMO gaps as the conjugation increases in the organic ligand: 
1,2,3-triazole (7.03 eV), benzotriazole (4.56 eV), and benzo-
bistriazole (3.07 eV), with all molecules corresponding to the 
N-NH-N-type tautomer. In MFU-4, the periodic calculated band 
gap (3.43 eV), and the cluster calculated HOMO-LUMO gap 
(3.15 eV) thus are very much related to the HOMO-LUMO gap 
of the organic ligand itself, namely benzo-bistriazole (3.07 eV). 
As said above, the analysis of the orbitals and bands shows a 
participation dominated by the ligand. 

 Secondly, for the Co-MFU-4 cluster (Co 5 Cl 4 (HBBTA) 6 ), the 
HOMO is very similar to that of MFU-4 cluster, mainly par-
ticipated by the HBBTA −  ligand, and with the same energy 
(–6.14 eV in both cases). The main difference arises in the 
LUMO, which in Co-MFU-4 is contributed by the octahe-
dral Co(3d) and the ligand, giving a smaller energy (–3.99 eV) 
than in the case of MFU-4 (–2.99 eV) in which only the ligand 
participates (see  Figure    13   and Supporting Information 
Figures S12–S14). Hence the reduced band gap of Co-MFU-4 
with respect to MFU-4 is due to the effect of the Co(3d) orbitals, 
which contributes to lower the energy of the conduction band.  

 It also follows from the results that the main trends of the 
periodic and cluster calculations are very similar, thus indi-
cating that the conducting properties are mainly due to the 
chemistry of the Kuratowski units rather than to specifi c fea-
tures of the extended solid. The presence of transition metals 
with appropriate d-orbital energies can contribute to fi ne tune 
the HOMO-LUMO gaps and the band gaps of the cluster com-
pounds and the corresponding crystalline framework materials.    

  3.     Conclusion 

 In summary, the metal-organic frameworks MFU-4 and 
Co-MFU-4 have been investigated by dielectric spectroscopy 
and by diffusive refl ectance spectroscopy in the UV/vis/NIR 
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 Figure 12.    Total and partial density of states (DOS, PDOS) in the peri-
odic (top) and cluster (bottom) calculations of Co-MFU-4. PDOS have 
been decomposed into the ligand (BBTA), chlorine (Cl), octahedral and 
tetrahedral Co atoms. The vertical dashed line indicates the Fermi energy 
level for MFU-4 at 0 K.

 Figure 13.    Band gaps (top) and HOMO-LUMO gaps (bottom) calcu-
lated with HSE functional. Top: Periodic calculations. Bands close to the 
Fermi energy level are mainly participated by the ligand, except in the 
case of the conduction band of Co-MFU-4, with a major participation of 
Co, producing an energy lowering. Bottom: Cluster calculations. In the 
three cases HOMOs are mainly participated by the ligand. LUMOs of the 
ligand (left) and MFU-4-cluster (centre) are very similar, whilst in the case 
of Co-MFU-4-cluster (right), there is a mixture between the ligand and the 
Co(3d) orbitals, lowering the energy. Details of the orbitals are shown as 
Supporting Information, Figures S12–S14.
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region. Dielectric measurements, performed in a broad tem-
perature range (10 to 600 K), have revealed the presence of a 
variety of relaxational processes in these materials. One of these 
relaxations (process I) could be unequivocally ascribed to the 
residual amount of DMF molecules, occluded in the voids of 
the framework during sample synthesis. These molecules show 
reorientational motions within the cages of the metal-organic 
framework. DMF molecules in the bulk show reorientational 
motions that are much faster than process I (Figure  4 ) and 
confi nement effects and interactions with the pore walls of 
the metal-organic framework can be assumed to slow down 
the DMF molecules. Concerning the microscopic origin of the 
additional relaxation processes, currently only speculations are 
possible: Pores fi lled with less than the maximal packing of six 
DMF molecules seem to be a reasonable scenario but reorienta-
tions of residual water molecules or slow intramolecular modes 
cannot be excluded. For a fi nal clarifi cation of the complex 
relaxation dynamics in MFU-4 and Co-MFU-4, further inves-
tigations are necessary. In any case, this type of metal-organic 
framework seems to be an interesting host system for the 
investigation of molecular dynamics in confi ned environment, 
which can reveal, e.g., information on dynamic length scales 
when approaching the glass transition. [ 31 ]  

 The dielectric measurements, performed on powder sam-
ples, also allowed to deduce the dc conductivity in both mate-
rials, which is found to be rather low, reaching values of the 
order of 10 –14  Ω –1  cm –1  at temperatures of 480 K (MFU-4) and 
400 K (Co-MFU-4). For MFU-4, thermally activated behavior 
of  σ  dc ( T ) with an energy barrier of 2.9 eV was found. In con-
trast, the Co system showed activated charge transport with 
 E  = 1.8 eV in a limited temperature region only. 

 The diffusive refl ectance measurements in the UV/vis/NIR 
range, revealed the clear signature of an interband-transition 
in both materials. Irrespective of the assumed transition type 
(direct/indirect, allowed/forbidden), band gap energies of 
the order of 3.08 eV were obtained for MFU-4, whereas the 
corresponding values for Co-MFU-4 are 1.87 eV or 2.86 eV, 
depending on the interpretation of the band structure of the 
latter. A reasonable agreement was found for the experimen-
tally determined band gap values and those predicted from 
DFT calculations (cf. Table  1 ). It should be noted that the 
band gaps in Table  1  were determined at different tempera-
tures (DFT: T = 0 K; refl ectance: room temperature; conduc-
tivity: around 500 K) However, as the band gaps in intrinsic 
band semiconductors are only weakly temperature dependent, 
it is reasonable that the different methods should lead to 
comparable results, which indeed is the case. This is further 
corroborated by the results of temperature-dependent band 
gap measurements as discussed in detail in the Supporting 
Information (section 5). All these fi ndings indicate that band-
conduction is the dominating charge-transport mechanism in 
MFU-4, similar to conventional semiconductors. The band gap 
energy (1.8 eV) for Co-MFU-4, deduced from part of its  σ  dc ( T ) 
curve only (Figure  5 b), is signifi cantly narrowed by replacing 
diamagnetic Zn(II) by high-spin Co(II) d 7  ions, leading to 
the introduction of an (empty) d-derived band, reducing the 
intrinsic band gap of Co-MFU-4. 

 Based on these results the following trends can be safely 
predicted in light of engineering the band gap and thus the 

technical potential of MFU-4 type semiconducting microporous 
frameworks ( Figure    14  ).  

 Engineering of the band gap can be done, on the one hand by 
adjusting the degree of conjugation of the ligand (Figure  14 ,i), 
with increasing conjugation leading to higher valence band 
(HOMO) energy, hence reduced band gap (HOMO-LUMO gap). 
On the other hand, adjusting the band gap through the energy 
level in the conduction band seems to be done more effi ciently 
by choosing an appropriate metal whose unoccupied d-orbitals 
insert below the LUMO energy of the ligand (Figure  14 ,ii). 
This is accomplished by octahedral Co(II) ions in Co-MFU-4, 
which leads to empty d-bands that are by ≈1 eV lower than the 
lowest lying energy levels of the conduction band in MFU-4. 
Placing 4d or 5d transition metal ions into the octahedral sites 
of MFU-4 type frameworks, the energy of the empty d-bands 
should be shifted to even lower energies, a strategy which we 
are currently trying to verify experimentally. DFT calculations 
also suggest that (partially) fi lled d-bands might be introduced 
into the band gap of MFU-4 type materials by placing electron 
rich {metal-ligand} fragments into the tetrahedral coordina-
tion sites of the framework (Figure  14 ,iii). While the current 
{Zn-Cl} or {Co-Cl} fragments seem to be ineffi cient in this 
respect, a host of metal-ligand combinations can be easily 
introduced into these sites via post-synthetic metathesis reac-
tions, [ 15,38 ]  rendering the MFU-4 type family of frameworks a 
versatile construction kit for the design of tailored microporous 
semiconductors.  

  4.     Experimental Section 
  Synthesis of Framework Compounds : MFU-4 and Co-MFU-4 were 

synthesized as described previously. [ 14,15 ]  The particle size of the 
obtained powders laid in the range of 2–10 µm. The solvent  N,N -
dimethylformamide (DMF) was removed by heating the samples for 
16 h at 280 °C under vacuum. To check for the infl uence of the solvent, 
two additional samples of MFU-4 were prepared: One sample was 
subjected to a higher temperature of 320 °C and another sample was 
measured as prepared, that is, without removing the DMF. 
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 Figure 14.    Systematic trends for adjusting the band gap energy in MFU-4-
type semiconductors. i) decreasing the HOMO/LUMO gap of the ligand 
leads to narrow-band gap semiconductors, ii) metal ions in octahedral 
coordination sites possessing diffuse and partially unoccupied d-orbitals 
generate empty d-derived bands, iii) metal ions placed in tetrahedral 
coordination sites generate (partially) fi lled band states. In all cases the 
intrinsic band gap is signifi cantly reduced.
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  Optical Spectroscopy : Diffuse refl ectance UV/vis/NIR spectra were 
recorded in the range 300–900 nm using a Perkin Elmer λ 750 s 
spectrometer and a Labsphere 60 mm RSA ASSY integrating sphere with 
0°/d measuring geometry. Labsphere Spectralon SRS-99 was used as a 
white standard. 

  Dielectric Spectroscopy : To avoid any pressure-induced deterioration 
of the sample, all dielectric measurements were performed on powder 
samples. For this purpose, the powder was fi lled into a parallel-plate 
capacitor with an outer support ring made of Tefl on, similar to the typical 
setup used for liquid samples. [ 39 ]  Only slight pressure was applied to 
the capacitor plates to ensure a good fi lling factor. Nevertheless, the 
absolute values obtained by this method may be somewhat reduced due 
to a fi lling factor smaller than unity. After sample preparation and before 
each dielectric measurement run, all samples were subjected to vacuum 
for 48 h to remove residual water. The complex dielectric constant  ε ′ and 
the real part of the conductivity  σ ′ at frequencies 0.01 Hz ≤ ν  ≤ 620 kHz 
were determined using a frequency-response analyzer (Novocontrol 
α-Analyzer). [ 39 ]  For sample cooling between 10 and 300 K, a closed-cycle 
refrigerator was employed. Measurements from room temperature up to 
600 K were done in a home-made oven. 

  Quantum Mechanical Investigations : The periodic calculations on the 
MFU-4 and Co-MFU-4 unit cells (containing 204 atoms and the chemical 
composition 4[M 5 Cl 4 (BBTA) 3 ], with M = Zn,Co) were performed using the 
VASP.5.2.12 package. [ 40 ]  VASP evaluates the total energy of periodically 
repeated geometries, on the basis of DFT and the pseudopotential 
approximation with the one-electron pseudo-orbitals expanded over 
a plane-wave basis set. The electron-ion interaction is described by 
projected augmented waves. The expansion includes all plane-waves 
whose kinetic energy is below an energy threshold chosen to be 450 eV. 
These calculations were performed using spin-unrestricted GGA density 
functional theory, through PW91 [ 41 ]  and PBE [ 42 ]  exchange correlation 
functionals (both semilocal functionals), and HSE hybrid functional. 
HSE has shown its ability to accurately predict semiconductor band 
gaps, based on the use of a range-separation parameter  w  = 0.11 Bohr –1  
in HSE06 [ 43 ]  similar to that in accurate TD-DFT PBEh calculations. [ 44 ]  
Cluster calculations were performed with Gaussian09 using Def2-TZVP 
basis set from Ahlrich’s group, [ 45 ]  and the HSE [ 46 ]  hybrid functional. 
The cluster compositions were M(II) 5 Cl 4 (H-bbta) 6  (where BBTA 2−  is 
benzo(1,2- d :4,5- d ′)bistriazolate, and M(II) is Zn 2+  or Co 2+ ), similarly 
to the MFU-4 material. Following the results with periodic methods in 
MFU-4 and Co-MFU-4, hybrid functionals were shown to provide the 
most accurate results. HSE dramatically improves the band gaps relative 
to the LSDA, the PBE GGA, and the TPSS [ 47 ]  meta-GGA functionals. The 
screened exchange approximation appears to be a very powerful tool for 
density functional treatments of condensed and molecular systems. The 
discrete energy levels of the molecular orbitals of the clusters have been 
artifi cially broadened for the sake of easier comparison with the results 
of the periodic calculations (Figures  11 , 12 , bottom). The broadening has 
been made using a gaussian function with 0.5 Ang width at half height 
using the AOMix software. [ 48 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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