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Abstract 
By modifying organic ligands of metal-organic framework with dipolar units, they turn suitable for 

various applications, e.g., in the field of sensor systems or switching of gas permeation. Dipolar linkers 

in the organic ligand are capable to rotate in certain temperature and frequency ranges. The copper-

bearing paddlewheel shaped metal organic frameworks ZJNU-40 and JLU-LIU-30 possess such a 

polarizable dipole moment due to their benzothiadiazole moiety in the organic ligands. Here, we 

investigate the molecular rotor behaviour of benzothiadiazole units of the two carboxylate-based 

MOFs by dielectric spectroscopy and computational simulation. Our dielectric results provide clear 

evidence for significant reorientational relaxation dynamics of these rotors, revealing various 

characteristics of glasslike freezing upon cooling. The calculated rotational energy barriers are 

consistent with experimentally determined barriers for single-dipole dynamics. Moreover, for JLU-LIU-

30 we find hints at antipolar ordering below about 300 K. 

 

Introduction 
MOFs are a class of highly porous materials, which can be adapted to specific applications due to their 

high degree of tunability, structure diversity and chemical and physical properties1. The range of metal-

organic framework structures continues to expand. In addition to the utilization in gas storage and 

separation2,3, catalysis4 and drug delivery5, MOFs are also becoming increasingly interesting for 

electrical applications6 and sensor technology7,8,. Especially due to the rotational motions in MOFs, 

they can be applied for gas absorption and storage9, for sensing10,11, drug encapsulation12 or interaction 

with guest molecules13. Dipolar MOFs in particular are subject to external or related electric fields14 

and could open up a wide range for novel applications, such as switchable sensors, active separation 

and flow directing within the device. Here, we focus on the use of carboxylate-based MOFs with piezo 

active units, ZJNU-4015 and JLU-LIU-3016. Both are copper-based NbO-type MOFs, isoreticular to NOTT-

10117. 

Due to their electron-donating benzothiadiazole moiety in 

the carboxylate-based linker, these MOFs possess a dipole 

moment of 1.79 Debye18,19. It can act as a rotor at certain 

frequencies and temperatures20. Moreover, applying a high 

electric field in principle can fix the direction of the macroscopic 

polarization. This enables a deliberate modification or even 

deformation of the lattice structure possible, which might be 

used for direction-oriented mass transport or sorting systems.14
 

The robust Cu2(CO2)4- paddlewheel secondary building unit 

(SBU) of both MOFs allows one to engineer the activation 

energies of the rotational motion of the polar linker group to 

some extent21. The robust Cu2(CO2)4- paddlewheel (Fig.2 a and c) 

SBU is formed by two Cu2+ centres, linked to 4-bridged carboxylate linker. By connecting to further 3-

Figure 1: 2,1,3-Benzothiadiazole (BTD)- 

moiety with a dipole moment of µ0= 

1.79 Debye. 
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connected carboxylate ligands (Fig.2 b and d), a three-

dimensional framework is established. Both MOFs crystallize in 

the trigonal R3̅m space group. Both systems can be 

characterized with the fof-topology in Schönflies notation.  

To comprehend the mechanism of molecular rotor, it is 

important to define its conceptualization. Michl et al.22 defined 

a molecular rotor “as a system in which a molecule or part of a 
molecule rotates against another part of the molecule”. The 

benzothiadiazole moiety is such a molecular rotor in the MOFs 

ZJNU-40 and JLU-LIU-30 and single bond respectively the triple 

bond to the phenylene-units with the carboxylate-units can 

specify as the so-called axle 22, 23. It appears to be the main 

difference of the two MOFs: The linker of ZJNU-40, 5,5´-

benzo[c][1,2,5]thiadiazole-4,7-diyldiisophthalic acid (H4L), has 

simple C-C bonds in para-position of the 

benzo[1,2,5]thiadiazole-moiety as axle, whereas in JLU-LIU-30 

ethynyl groups (-C≡C-) of 5,5´-benzo[c][1,2,5]thiadiazole-4,7-

diylbis(ethyne-2,1-diyl)diisophthalic acid (H4btadpa) disassociate 

as rotary axis the benzothiadiazole ring and the 

phenyldicarboxylic acid groups. Thus, the bond type of the organic ligands alone can affect the intrinsic 

rotator barriers22,24 25. The triple bond is expected to result in extensive free rotation of the polar linker 

group and thus a lower rotational energy barrier in the rotor system than the single bonds21, 24. In order 

to generate rotation of the molecular rotator by excitation with an E-Field, the rotational barrier of the 

rotator should be kept as low as possible. 

Since both systems can be considered for electrical applications, we investigate the rotation 

barriers of the molecular rotors of both MOFs by different refined Density Functional Theory (DFT) 

calculations and compare these with the experimentally obtained dielectric spectroscopy data in the 

following. 

 

 

Results and Discussion 
 

Dielectric spectroscopy 

To obtain information on the reorientational dynamics and possible ordering phenomena of the 

molecular rotators of the individual carboxylate-based MOFs and to provide an estimate of the 

rotational barriers, the ligand dynamics were investigated using dielectric relaxation spectroscopy 

(DES)21,26,27. Fig.3 shows the frequency dependence of the dielectric constant ' (a) and loss " (b) as 

measured for ZJNU-40 at various temperatures. It should be noted that the absolute values of both 

quantities only represent a lower limit, due to the reduced capacitor filling factor of powder samples 

compared to bulk samples. In general, the following conclusions are not affected by this fact. The '() 

spectra (Fig.3a) reveal a steplike feature and, at their point of inflection, "() exhibits a peak (Fig. 3b). 

These are the typical signatures of a so-called relaxation process, signifying reorientational fluctuations 

of dipolar entities27. In the present MOF, it can be ascribed to the rotational dynamics of the dipolar 

benzothiadiazole moieties in the linkers (Fig.1). This is nicely corroborated by the inset of Fig.3, 

showing '() at 243 and 323 K for the reference system NOTT-101, which is isoreticular to ZJNU-4017 

but lacks any dipolar moments in its linkers. In contrast to the ' spectra of ZJNU-40 at these 

temperatures (main frame of Fig.3a), the corresponding NOTT-101 spectra are featureless. Therefore, 

we conclude that the detected relaxation process found for ZJNU-40 indeed arises from dipolar 

rotational motions in its linkers. Both spectral relaxation features of ZJNU-40 in Fig.3 shift to lower 

frequencies with decreasing temperature. As the loss peak frequency p is inversely proportional to 

the relaxation time , characterizing the dipolar dynamics, this temperature-induced shift directly 

mirrors the slowing down of the dipolar motions upon cooling. The amplitude of the ' step, 

Figure 2:Description of the structures of 

ZJNU-40 and JLU-LIU-30. (a) Cu-paddlewheel 

SBU of ZJNU-40 and L- (b) view of SBU-unit of 

ZJNU-40 out of a-direction (c) Cu-

paddlewheel SBU of JLU-LIU-30 and BTADPA 

(d). view of SBU-unit of JLU-LIU-30 out of a-

direction; Hydrogen is shown in white, 

Oxygen in red, Carbon in grey, Copper in 

green, Nitrogen in blue and Sulfur in yellow. 



corresponding to the so-called relaxation strength , increases with decreasing temperature, which 

is typical for conventional dipolar relaxation processes28. 

To gather quantitative information about the temperature-dependent relaxation time in ZJNU-40, 

the permittivity spectra of Fig.3 were fitted using the often-applied empirical Havriliak-Negami (HN) 

function for the description of the dipolar relaxation features (lines)29,30. As revealed by Fig.3, in 

addition to the bare peaks in "() and steps in '(), there are numerous other spectral contributions: 

At first, at the high-frequency flank of the loss peaks and at low temperatures, "() crosses over to a 

weaker frequency dependence, reminding of the onset of a secondary, relaxation process located at 

higher-frequencies31. While the experimental resolution did not allow for an unequivocal detection of 

the corresponding secondary loss peak, for the spectra at T  322 K we formally accounted for this 

contribution by adding a second HN equation to the overall fit function. The occurrence of secondary 

relaxations, usually termed  relaxations, seems to be a universal feature of dipolar molecular liquids 

and glasses, but the underlying microscopic processes are still controversial.32,33,34 Occasionally, they 

are also detected in plastic crystals,35 materials exhibiting orientational degrees of freedom within the 

crystalline state, thus in some respect resembling the present MOFs. In the present case, however, we 

cannot fully exclude that reorientations of residual amounts of solvent molecules occluded in the pores 

of the MOF framework during sample synthesis could lead to the suggested secondary relaxation 

process, as was earlier found for MFU-4-type MOFs36. Nonetheless, a detailed treatment of this fast 

process is out of the scope of the present work, which concentrates on the dynamics of the dipolar 

linkers. 

 

At the higher temperatures and at 

frequencies below the relaxation features, both 

'() and "() reveal an additional increase with 

decreasing frequency. This is typical for charge 

transport, triggered by the applied external 

electric field. We found that the assumption of a 

frequency-independent dc conductivity, ' = dc, 

is insufficient to fit the spectra in this region: Via 

the general relation * = i*0 (with  = 2 

and 0 the permittivity of vacuum) between the 

complex conductivity * = ' + i" and 

permittivity * = ' - i", dc conductivity should 

lead to an 1/  increase at low frequencies in 

"() only. Instead, we partly had to assume 

additional ac conductivity to fit the spectra, 

which is commonly modelled by the so-called 

universal dielectric response (UDR) law37, a 

power law ' = 0 s with exponent s < 1. Via the 

Kramers-Kronig relation, this leads to a power 

law, " = tan(s/2)0s, in the imaginary part of 

the conductivity, too. Due to the relations 

"  '/ and '  "/  (following from 

* = i*0) ac conductivity thus contributes to 

both the real and the imaginary part of the 

permittivity. UDR behaviour is indicative of 

hopping charge transport of localized charge 

carriers as found in many kinds of disordered 

matter and in ionic conductors.38,39 In the 

present case, we can only speculate about the 

nature of the charge carriers, but ions diffusing 

in tiny amounts of solvent at the surface of the 

Figure 3: Dielectric permittivity spectra of ZJNU-40.  The 

frequency-dependent dielectric constant ' (a) and dielectric 

loss " (b) are shown for selected measuring temperatures. (At 

low temperatures, the loss spectra could not be measured up 

to the highest frequencies due to limitations in device 

resolution for the given sample geometry.) The lines are fits 

using the HN formula29 to model the dipolar relaxation 

features and additional contributions as explained in the text. 

They were simultaneously performed for the real and 

imaginary part. The inset shows '() of the reference system 

NOTT-101, lacking any dipolar moment in its linkers, at two 

temperatures (243 and 323 K). 

 



powder grains is one possibility. In any case, the conductivity of this MOF, which we found to be lower 

than 10-14 -1cm-1 even at the highest investigated temperature, is marginally small and only shows up 

in the spectra due to the very high resolution of the employed dielectric devices. Finally, we want to 

point out that the additional contributions, needed to fit the complete dielectric spectra of Fig.3, do 

not have any significant effect on the parameters of the main relaxation feature. This is especially valid 

for the relaxation time, the main outcome of our analysis, which is well defined by the point of 

inflection in '() and the peak frequency in "(), both clearly discernible in the respective spectra.  

Compared to the half width of 1.14 decades 

predicted by the Debye theory28, which assumes 

exponential relaxation of independent dipoles, the 

peaks in Fig.3b are significantly broadened. This is 

also confirmed by the fits with the HN function29 

(lines in Fig.3), whose parameters indicate a 

symmetric broadening for most temperatures. In 

general, a broadening of loss peaks, termed non-

exponentiality, is a hallmark feature of supercooled 

glass-forming liquids and plastic crystals40,41 and 

commonly ascribed to a distribution of relaxation 

times42,43. In the present MOF, it thus indicates a 

dynamically disordered dipole arrangement. 

Fig.4 shows the permittivity spectra of JLU-Liu-

30, again revealing typical dipolar relaxation 

features. Additional contributions from charge 

transport and a secondary relaxation (more clearly 

resolved than in ZJNU-40) show up in the spectra. 

The lines are fits performed in the same way as for 

ZJNU-40. Some deviations between fits and 

experimental data, seen in the minimum region of 

"() especially at 250 - 300 K, may indicate a minor 

additional relaxation process, but this does not 

affect the analysis of the main process. Just as for 

ZJNU-40, the loss peaks are symmetrically 

broadened, compared to the expectations for 

exponential single-particle relaxation, indicating 

heterogeneity that causes a distribution of relaxation times. In contrast to ZJNU-40, the amplitudes of 

the ' and " relaxation features, which are proportional to the relaxation strength, decrease with 

decreasing temperature below about 300 K. Interestingly, such non-canonical behaviour is often found 

in materials with polar order at temperatures below the polar phase-transition44,45. This finding will be 

treated in more detail below.  

Fig.5 presents the temperature dependence of the mean relaxation times as determined from the 

fits of the measured permittivity spectra (see Fig.3 and 4 for examples at selected temperatures). For 

canonical thermal activation of the rotational motions, an Arrhenius law,   exp[E/(kBT)], would be 

expected (E denotes the energy barrier). In the Arrhenius representation of Fig.5, this should lead to 

linear behaviour with a slope that is proportional to E. However, the experimental data clearly deviate 

from this prediction and exhibit a continuous curvature. This again is a characteristic feature of 

materials showing glassy freezing40,41. There, such non-Arrhenius temperature dependence is usually 

fitted by the empirical Vogel-Fulcher-Tammann (VFT) function, used here in its modified form as 

proposed by Angell46: 

 

 〈𝜏〉 = 𝜏0 𝑒𝑥𝑝 [ 𝐷𝑇VF𝑇−𝑇VF
] (1) 

 

Figure 4: Dielectric permittivity spectra of JLU-Liu-30.  The 

frequency-dependent dielectric constant ' (a) and dielectric 

loss " (b) are shown for selected measuring temperatures. 

The lines are simultaneous fits of the real and imaginary part 

using the HN formula for the main dipolar relaxation feature 

and additional contributions as explained in the text. 

 



In this equation TVF is the Vogel-Fulcher temperature, where  diverges, and 0 can be regarded as 

inverse attempt frequency. D represents the so-called strength parameter, quantifying the deviations 

from Arrhenius behaviour (large D means small deviations; see ref. 46 for details). The empirical VFT 

function was originally proposed for glass-forming supercooled liquids.47,48 The corresponding 

increasing slope revealed in the Arrhenius plot with decreasing temperature (cf. Fig.5), is nowadays 

quite commonly ascribed to an increase of the cooperativity of molecular motion when the glass 

transition is approached upon cooling.49,50 The applicability of the VFT equation is also well established 

for systems showing glassy freezing of non-structural dynamics. Prominent examples are the plastic 

crystals mentioned above35, molecular materials where the molecules are located on a well-defined 

crystalline lattice but still exhibit reorientational dynamics. In many of these systems, upon cooling this 

dynamics reveals glassy freezing, i.e., instead of ordering at a phase transition, it continuously slows 

down over many decades35. Finally, it comes to an effective halt, forming a so-called glassy crystal 

below an orientational glass-transition temperature, defined by (𝑇𝑔𝑜)  100 s. In plastic crystals, the 

deviations of the temperature-dependent relaxation time from Arrhenius behaviour are usually not 

very pronounced35,51 but there are also some exceptions52.  

 

 

As mentioned above, in some respects, the MOFs 

investigated in the present work resemble plastic crystals 

as they also comprise dipolar degrees of freedom within 

a crystalline material. Indeed, the VFT behaviour of (T) 

evidenced by Fig.5 points to cooperativity between the 

rotating dipoles, just as in plastic crystals. From the 

deduced strength parameters (D = 33.5 for ZJNU-40 and 

D = 21.7 for JLU-Liu-30), the so-called fragility m can be 

calculated53. It is the most common parameter for 

quantifying the non-Arrhenius behaviour. The obtained 

values of m = 33.6 (ZJNU-40) and m = 43.2 (JLU-Liu-30) 

signify only moderate deviations from Arrhenius 

temperature dependence, just as in most plastic 

crystals.35,52,52 Both MOFs should also feature a glass 

transition with respect to their orientational dipolar 

dynamics. Using the definition (𝑇𝑔𝑜)  100 s, the 

orientational glass temperature 𝑇𝑔𝑜 can be estimated 

from the VFT fits. We obtain 205 K for ZJNU-40 and 182 K 

for JLU-Liu-30. Below these temperatures, the rotational 

motions essentially freeze in and a kind of "orientational 

glass" state with (nearly) static orientational disorder is 

reached. 

The computational calculations presented in the next 

section provide estimates of the potential energy barriers 

of a single rotor unit in MOF ZJNU-40 and JLU-Liu30. As 

discussed above, in contrast the dielectric data reveal a 

temperature-dependent energy barrier which is strongly influenced by cooperative interactions 

between the dipoles.49,50 These interactions are not accounted for by the calculations. To enable a 

comparison of the dielectric and computational results, the single-dipole energy barriers Es that would 

be measured in absence of any cooperativity can be estimated from the parameters of the performed 

VFT fits of (T): As mentioned above, cooperativity increases when approaching the glass transition 

upon cooling. Correspondingly, it decreases with increasing temperature and for T →  it should 

vanish. For very high temperatures, non-cooperative single-dipole dynamics should be observed 

because there any interdipole interactions leading to cooperativity can be neglected, compared to the 

dominant thermal energy kBT. For T → , Eq. (1) indeed crosses over into simple Arrhenius behaviour 

Figure 5: Temperature dependence of the 

relaxation times. The symbols indicate the mean 

relaxation times of both investigated MOFs as 

determined from the fits of their permittivity 

spectra (cf. Figs. 3 and 4). The lines are fits with the 

VFT function, eq. (1), leading to 0 = 7.810-12 s, 

D = 33.5 and TVF = 97.1 K for ZJNU-40 and 

0 = 1.710-9 s, D = 21.7 and TVF = 97.2 K for JLU-

Liu-30. 

 



with an energy barrier (in K) of Es = DTVF. We thus obtain 27 kJ/mol and 17 kJ/mol for the single-dipole 

rotational energy barriers in ZJNU-40 and JLU-Liu-30, respectively. 

 

Finally, we come back to the anomalous temperature 

dependence of the relaxation strength below about 300 K, 

indicated by the permittivity spectra of JLU-Liu-30 (Fig.4). 

Fig.6 shows (T) as obtained from the fits of the 

permittivity spectra (Fig.4). It reveals a clear crossover from 

weak temperature variation at T  300 K to a rather strong 

decrease for lower temperatures. This finding could indicate 

a phase transition to polar order below 300 K. The most 

direct check of polar phase transitions in dielectric 

spectroscopy is the inspection of the temperature-

dependent dielectric-constant data which should exhibit an 

anomaly at the transition temperature. Fig.7 presents 

temperature-dependent ' data as measured upon heating 

at various frequencies. In this plot, the detected dipolar 

relaxation process of JLU-Liu-30 (Fig.4) is revealed by steps 

from low to high values of ' that shift to higher 

temperatures with increasing frequency (this trivially follows from the occurrence of relaxation steps 

in the '() spectra, shifting to higher frequencies with increasing temperature, cf. Fig.4a). 

Interestingly, superimposed to these features, there is a significant anomaly in '(T) at about 295 K. 

For a phase transition, a corresponding anomaly should also be revealed upon cooling. As shown in 

the inset, presenting the cooling and heating curves for 0.1 Hz as an example, this indeed is the case. 

However, upon cooling two successive anomalies are observed, separated by about 10 K, for which we 

currently have no explanation.  

 

At a ferroelectric order transition, leading to 

parallel arrangement of the dipoles, '(T) usually 

shows a well-pronounced peak at the transition 

temperature Tc (refs. 44,45), in contrast to the 

primarily steplike anomaly observed in Fig.7. In 

so-called order-disorder ferroelectrics, where 

the dipoles already exist above the transition, 

dielectric spectroscopy reveals significant 

dipolar relaxation dynamics both above and 

below Tc, just as in the present case.44,45 

However, below the transition the relaxation 

times should decrease with decreasing 

temperature, again at variance with the present 

findings (cf. Fig.5). Overall, the present results 

are incompatible with ferroelectric ordering. A 

second possibility is antiferroelectric polar 

order. (Here we use the term “antiferroelectric” 
to denote antiparallel dipole order. It is 

important to point out that the definition of 

antiferroelectricity sometimes also includes 

switchability of the polarization, which was not 

tested in the present powder sample.) Indeed, a steplike anomaly as observed in Fig.7 is in accord with 

theoretical predictions for '(T) at antiferroelectric phase transitions54,55. Interestingly, the cyanides 

KCN and NaCN show very similar '(T) behaviour around their antiferroelectric transitions as JLU-Liu-

3056. These are well-known crystalline materials with reorientational degrees of freedom, just as in the 

Figure 6:Dielectric strength of JLU-Liu-30. The 

squares show the temperature dependence of 

 as obtained from the fits of the permittivity 

spectra.  

 

Figure 7:Temperature dependence of the dielectric constant 

of JLU-Liu-30. The symbols show '(T) at various measurement 

frequencies as detected upon heating. The inset shows the 

heating and cooling curve for 0.1 Hz (the lines connect the 

data points). 

 



present MOF. In both cyanides, the dumbbell-shaped CN− ions undergo reorientational motions at high 

temperatures and exhibit antiferroelectric order at low temperatures56. Similar steplike '(T) anomalies 

were, e.g., recently also found for several antipolar lacunar spinels57,58. Moreover, all these antipolar 

materials exhibit significant relaxational dynamics in the ordered state56,57,58. Just as for order-disorder 

ferroelectrics44,45, the relaxational dynamics below Tc in antiferroelectrics can be assumed to arise from 

dipoles that do not participate in the polar order. It seems reasonable that such dipoles are most 

numerous just below the transition. Correspondingly, the decrease of the relaxation strength, reported 

for KCN and NaCN below Tc in ref. 56, was stated to reflect "the gradual disappearance of alignable 

dipoles due to the onset of a second-order phase transition into the antiferroelectric ordered state". 

The same effect can be assumed to explain the reduction of  in the present case (Fig.6). If there is 

an antiferroelectric phase transition in JLU-Liu-30 at about 300 K, it seems puzzling that the dipolar 

relaxation times (T) shown in Fig.5 do not exhibit any significant anomaly at this temperature. 

Unfortunately, in literature there is only sparse information on the dipolar dynamics above and below 

the phase transition of antiferroelectrics. However, in the cyanides KCN and NaCN as well as in the 

lacunar spinel GaNb4S4, where (T) data are available59,60, interestingly there are no indications for a 

significant anomaly in (T), too. We also tried to detect this suggested phase transition by DSC 

measurements but did not find any significant anomalies. However, one should be aware that in this 

MOF the ordering dipolar entities represent only a small fraction of the overall structure.  

 

 

 

Torsion potential calculations 

In order to correlate results from dielectric spectroscopy with simulations, calculations at different 

theoretical levels were performed. At the first approximation level, molecular complexes of different 

sizes, all comprising a single rotor, have been constructed, which are shown in Fig.8.  

 

In order to estimate the validity and accuracy of 

different theoretical levels, each potential scan 

has been performed with a molecular mechanic, 

a semi-empirical, and a density functional 

theoretical approach. For molecular mechanics 

calculations, we chose the newly developed 

automated partially polarizable generic force-

field („GFN-FF“)61, whereas for semiempirical 

calculations the tight-binding quantum chemical 

method „GFN-xtb1“ (with D3 dispersion 
correction)62, was employed. Ab initio DFT 

calculations were performed with a recently 

developed meta-generalized-gradient 

approximation (mGGA) functional r2SCAN-3c 

(with D4 dispersion correction and geometrical 

counter-poise corrections for London-dispersion 

and basis set superposition error).63 All three 

methods have been developed and 

parametrized by the working group of Grimme et 

al., thus enabling a consistent scheme of 

increasing accuracy for predicting activation 

energy values for the full rotation of the dipolar 

rotors with respect to their stators. The selection 

of these methods was partially gathered from a 

general discussion of best practice DFT protocols for basic molecular computational chemistry, as 

reported in ref.64. However, opt-in for the GFN-xtb1(-D3) as opposed to the more robust GFN-xtb-2(-

Figure 8: Initial geometries of molecular rotors representing 

excerpts from the 3D crystal lattices of ZJNU-40 (1) and JLU-

LIU-30 (2). (1a) schematic illustration of the simple linker of 

ZJNU-40, (1b) schematic illustration consisting of simple linker 

unit of ZJNU-40 with four Copper- paddlewheels moieties (1c) 

schematic overview of the molecular rotor unit with the 

presence of water coordinated to the metal ions in the 

paddlewheel units of ZJNU-40, (2a) schematic illustration of the 

simple linker of JLU-LIU-30, (2b) ) schematic illustration 

consisting of simple linker unit of JLU-LIU-30 with four Copper- 

paddlewheels moieties, (2c) schematic overview of the 

molecular rotor unit with the presence of water coordinated to 

the metal ions in the paddlewheel units of JLU-LIU-30. 



D4) approach was also gleaned by the fact that all three theoretical methods should also be available 

for performing calculations under 3D periodic boundary conditions, which was currently not available 

for GFN-xtb-2 at the time of conducting these studies. Geometrical constraints on internal dihedral 

(=torsion) angles of the molecular fragments have been employed such as the dipolar rotor (= the 

benzothiadiazole moiety) rotates between two stators, the positions of the latter were held 

constrained within a common plane. The twisting motion of the rotor was scanned at steps of 5 degree 

for a full turn (360 degree). Each rotamer configuration was started from the same reference state. 

This procedure provides a first approximation of the potential energy of a single rotor unit in MOF 

ZJNU-4010 and JLU-LIU-3011, respectively. The latter framework contains a rotor interspersed between 

triple bonds. Molecular fragments of increasing size have been constructed in order to estimate the 

influence of functional groups, presence of metal ions (paddlewheel units!) and the presence of water 

coordinated to the metal ions in the paddlewheel units. The results of the torsion scans are plotted in 

Fig.9 and Fig.10, correspondingly. 

 

 
Figure 9:Torsion potential curves for rotor-stator model compounds of ZJNU-40 related to the fragments 1a-c. The blue 

curves represent the torsion potential calculation of r2SCAN-3c, violet represents the torsional motion of GFN-FF method, in 

dark grey the calculated motion of semi-empirical GFN-xtb1. 

 

Figure 10:Torsion potential curves for rotor-stator model compounds of JLU-LIU-30 related to the fragments 2a-c. The blue 

curves represent the torsion potential calculation of r2SCAN-3c, violet represents the torsional motion of GFN-FF method, in 

dark grey the calculated motion of semi-empirical GFN-xtb1. 

Activation energy parameters gleaned from these calculations are summarized in Table 1. 

 
Table 1: Activation energy parameters for rotor-stator model compounds as discussed in the text based on the torsion 

potential calculation of ZJNU-40 (left) and JLU-LIU-30 (right). 

    



Rotors mounted between single bonds (ZJNU-40) 

All three methods predict similar maximum potential energy barriers for the full rotation of the rotor 

with respect to its stator (approx. 24 – 30 kJ/mol). Neither the size of the molecular fragment, nor the 

presence of water molecules coordinated to the metal ions of the paddlewheel units has a major 

influence on the calculated energies. However,  GFN-FF yields incorrect full torsion potentials for 

biphenyl type aromatic systems. The coplanar arrangement of aromatic rings is energetically favoured 

for such systems, yielding incorrect (far too low) energies for such rotamers (Fig.10). A similar but less 

pronounced trend is seen in GFN-xtb1(-D3) calculations. However, the qualitative and quantitative 

matching of the calculated potential energy values in comparison to the far more accurate r2SCAN-3c 

DFT calculations is promising taking into account of 3D periodic MD calculations on MOF unit cells (and 

super cells), which are intractable with DFT calculations. 

From the experimental results of the DES-measurements, we determined a rotational barrier of 27 

kJ/mol by the Vogel-Fulcher-Tammann approximation. By the GFN-FF method in particular, we found 

good agreement of the calculated rotational barriers of the individual molecular fragments with the 

determined data. 

 
Rotors mounted between triple bonds (JLU-Liu30) 

Similar to the model compounds 1a-c, the size of the molecular fragment 2a-c has only a faint influence 

on the calculated torsion energy values, including the presence or absence of coordinated water 

molecules. All three methods predict different maximum potential energy barriers for the full rotation 

of the rotor with respect to its stator (ranging from. 1.1 – 17 kJ/mol). GFN-FF completely 

underestimates the rotational barrier. This is however expected because the forcefield definition does 

not contain any force field term covering the torsion of fragments around a triple bond, (which is 

missing in all current force-fields to the best of our knowledge). The relatively high barrier of about 17 

kJ/mol found in DFT calculations employing the r2SCAN-3c functional is rather surprising and demands 

a thorough check against other DFT functionals or higher levels of quantum mechanics. In relation to 

the experimentally determined rotational barrier from the DES-measurements of 17 kJ/mol, the 

calculated rotational barrier agrees well.  

 

Traceable to the dipole-dipole interaction within the SBU´s of both MOF systems, the 3D periodic 

fragments cannot be extended by the already listed calculation methods. Further calculations of the 

3D periodic boundary conditions are thus currently investigated by more complex DFT calculation 

methods. 

 

 

Conclusions 
Summarizing the dielectric-spectroscopy results, in both investigated MOFs we found clear evidence 

for relaxation dynamics, arising from the cooperative reorientational motions of the dipolar 

benzothiadiazole moieties in the linkers. This dynamics is characterized by non-exponentiality of the 

spectral shape and non-Arrhenius behaviour of the relaxation time, typical for glassy freezing, and an 

orientational glass transition is approached upon cooling. Overall, the dipole dynamics in these 

systems, including their relatively moderate fragility, resembles that of other crystalline materials with 

reorientational degrees of freedom as the plastic crystals. From the temperature dependence of the 

relaxation times, the energy barriers for single-dipole dynamics were deduced to be 27 kJ/mol and 17 

kJ/mol for ZJNU-40 and JLU-Liu-30, respectively. One should be aware, however, that the actual energy 

barriers, revealed by dielectric spectroscopy, are temperature dependent and enhanced due to 

cooperative dipole motions. 

All our dielectric data on JLU-Liu-30 are well consistent with an antiferroelectric ordering of the 

dipoles, located on the linkers of this MOF, below about 300 K. In recent years, there have been various 

reports of antiferroelectric ordering in MOFs, e.g., refs. 65,66,67,68,69,70,71,72. However, to our knowledge, 

only in a single case the ordering was found to arise from reorienting linkers72. Similar to order-disorder 

ferroelectrics, and just as in the antiferroelectric cyanides KCN and NaCN, below the polar phase 



transition dipoles that are not involved in the polar order still can reorient. Our finding of characteristic 

properties of glassy freezing for this dynamic reminds of the behaviour in relaxor ferroelectrics73,74.  If 

we assume a second-order antiferroelectric phase transition as in the cyanides, the order parameter 

should continuously increase below Tc and reach its maximum (i.e., full antiferroelectric order) for 

T → 0 K only. Interestingly, the orientational glass transition at 182 K for JLU-Liu-30 will prevent this 

complete ordering unless for infinitely slow cooling rates. 

Out of the torsion potential calculations employing a semi-empirical ansatz, namely GFN-xtb1, turn 

out to provide a balanced compromise between accuracy and costs (in terms of CPU hours) for 

estimating activation energy values for the rotation of dipolar rotors mounted between stators.  

It should be mentioned here that all efforts to further increase the size of the model compounds 

had limited success, because the constrained torsion scans became numerically unstable. Trials of 

calculating molecular fragments comprising multiple rotors, for instance, indicated a strong influence 

of the calculated torsion potential parameters on the starting configurations. Calculations providing 

smooth torsion potentials would require the possibility for performing gradually iterative torsion scans 

based on a low-energy configuration resulting from a previous calculation step – a systematic scanning 

approach not yet implemented in the ORCA code (V.5.3). A theoretically determined rotational barrier 

of 24- 30 kJ/mol can be calculated for ZJNU-40 depending on the theoretical level. From the dielectric 

experiments, we were able to determine a rotational barrier for single dipoles of 27 kJ/mol, by the 

Vogel-Fulcher-Tammann approximation of the temperature-dependent relaxation time. For the GFN-

FF method in particular, we found good agreement of the calculated rotational barriers of the 

individual molecular fragments with the experimentally determined data. 

For the second system JLU-LIU-30, depending on the theoretical level, a rotational barrier of 1.1 

kJ/mol to 17 kJ/mol was calculated. Especially the calculation by the DFT method, r2SCAN-3c, yielded 

a rotational barrier of the rotor that very well compares to the experimentally determined by dielectric 

spectroscopy. The GFN-FF method as well as the GFN-xtb1 method, on the other hand, lead to much 

lower rotational barriers for the JLU-LIU-30 system, which are at variance with the DES measurements. 

In summary, in both MOFs, based on the experimentally determined data, rotational processes due 

to the benzothiadiazole moiety were detected and the resulting rotational barriers for single-dipole 

dynamics are consistent with the theoretically calculated values. To model the experimentally found 

glasslike, cooperative dipole dynamics of both systems and the suggested antipolar ordering in JLU-

LIU-30, quantum mechanical calculations using 3D periodic boundary conditions should be performed. 

 

 

Methods 
Experimental and computational details 

All chemicals were purchased from commercial suppliers and were used in the condition received. The 

two linker synthesis of ZJNU-40 and JLU-LIU-30 were synthesized via Suzuki-Miyaura reactions 

according to the literature procedures under reduced argon atmosphere. 11,19 The synthesis of the two 

MOFs ZJNU-4010 and JLU-LIU-3011 were modified. The green crystals of ZJNU-40 were obtain by mixing 

Cu(NO3)2 ∙ 3H2O in Diethylformamide (DEF), adding the organic linker 5,5´-benzo[c][1,2,5]thiadiazole-

4,7-diyldiisophthalic acid (H4L), water and 6M hydrochloric acid. The mixture was heated in an oven at 

70°C over 96 hours. JLU-LIU-30 was prepared via autoclave synthesis at a temperature of 85 °C over a 

time of 48 hours. For the likewise green crystals, Cu(NO3)2 ∙ 3H2O was dissolved in DEF. The linker 5,5´-

benzo[c][1,2,5]thiadiazole-4,7-diylbis(ethyne-2,1-diyl)diisophthalic (H4btadpa), water and 

hydrochloric acid were appended to the mixture. The reference structure NOTT-101 was synthesized 

as stated of He at al. 12. The materials were characterized by X-ray powder diffraction (XRPD), variable 

temperature X-ray diffraction, thermogravimetric analysis (TGA), Fourier-transform infrared (FTIR) 

spectroscopy, optically by scanning transmission electron microscope (STEM) and by an optical 

microscopy.  

Full rotation torsion potentials were calculated for each of these fragments with the ORCA code (V.5.2 

& V5.3).75 76 



For more details, including on the dielectric spectroscopy setup, see the Supporting Information.  
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