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Benzothiadiazole-based rotation and possible
antipolar order in carboxylate-based metal-organic
frameworks

Jennifer Schnabel® !, Arthur Schulz® 2, Peter Lunkenheimer® 2 & Dirk Volkmer'™

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 fre-
quency ranges. The copper-bearing paddlewheel shaped metal-organic frameworks ZJNU-40
and JLU-Liu30 possess such a polarizable dipole moment due to their benzothiadiazole
moiety in the organic ligands. Here, we investigate the molecular rotor behavior of ben-
zothiadiazole units of the two carboxylate-based MOFs by dielectric spectroscopy and
computational simulation. Our dielectric results provide clear evidence for significant reor-
ientational relaxation dynamics of these rotors, revealing various characteristics of glasslike
freezing upon cooling. The calculated rotational energy barriers are consistent with experi-
mentally determined barriers for single-dipole dynamics. Moreover, for JLU-Liu30 we find
hints at antipolar ordering below about 300 K.
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etal-organic frameworks (MOFs) are a class of highly
M porous materials, which can be adapted to specific

applications due to their high degree of tunability,
structure diversity and chemical and physical properties!. The
range of metal-organic frameworks has steadily expanded, and
MOFs involving molecular machines are becoming increasingly
interesting for electrical applications2, sensor technologies>*, gas
adsorption and storage®, and drug encapsulation® or interactions
with guest molecules’. By incorporating molecular dipolar units
or even exploiting the design of rotational axes, internal dynamics
in MOFs can be generated and introduced as a motor for
rotation®?. Influencing the electronic conjugations and plenty of
free volume can also have an effect on the rotational
dynamics®19-12. Gonzalez-Nelson et al. have demonstrated that
the linker alone can induce rotation in the MOF and that the
rotation barrier can be reduced by functional groups®. This can
also be accomplished by introducing strong dipolar moments as
shown by Su et al. who even detected an antiferroelectric phase
transition arising from the spontaneous ordering of the dipolar
linkers!3. Perego et al. revealed the utility of dipolar units as
molecular machines that can respond to chemical or physical
stimuli®. Here, we focus on the use of carboxylate-based MOFs
with piezo active units, ZJNU-401% and JLU-Liu30!>. Both are
copper-based NbO-type MOFs, isoreticular to NOTT-10116,

Due to their electron-donating benzothiadiazole moiety in the
carboxylate-based linker, these MOFs possess a dipole moment of
1.79 Debye!”18 (Fig. 1). The moiety can act as a rotor at certain
frequencies and temperatures!®. 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!'4. The
robust Cu,(CO,),-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 extent?’. The
robust Cu,(CO,),- paddlewheel (Fig. 2a, c) SBU is formed by two
Cu?* centres, linked to 4-bridged carboxylate linker. By con-
necting to further 3-connected carboxylate ligands (Fig. 2b, d), a
three-dimensional framework is established. Both MOFs crys-
tallize in the trigonal R3m space group. The two systems can be
characterized with the fof-topology in Schonflies notation.

To comprehend the mechanism of molecular rotor, it is
important to define its conceptualization. Kottas et al. 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-Liu30 and single bond respectively the triple
bond to the phenylene-units with the carboxylate-units can spe-
cify as the so-called axle?1:22, Tt seems to be the main difference of
the two MOFs: The linker of ZJNU-40, 5,5 "-benzo[c][1,2,5]thia-
diazole-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-Liu30 ethynyl groups (-C=C-) of 5,5"-benzo|c]

M= 1.79 Debye

Fig. 1 Lewis-structure of the 2,1,3-benzothiadiazole (BTD) moiety. The
thiadiazole-moiety forms a permanent dipole moment of ug =1.79 Debye
with the remaining unit.

[1,2,5]thiadiazole-4,7-diylbis(ethyne-2,1-diyl)diisophthalic ~ acid
(Hybtadpa) 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
barriers!®21:23-2> " 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
bonds!%2%: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. It has to be pointed out
here that the dipolar motions in the investigated MOFs are not
continuous but essentially correspond to flips between well-
defined angles and several of such flips are necessary for a full
360° rotation.

Since both systems can be considered for electrical applica-
tions, 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 reor-
ientational 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 spectro-
scopy (DES)!317:20.2526 Figure 3 shows the frequency depen-
dence 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 €'(v) spectra (Fig. 3a) reveal a
steplike feature and, at their point of inflection, ¢"(v) exhibits a
peak (Fig. 3b). These are the typical indications of a so-called
relaxation process, signifying reorientational fluctuations of
dipolar entities26. 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 &'(v) at 243 and 323 K for the reference system
NOTT-101, which is isoreticular to ZJNU-4014 but lacks any
dipolar moments of freely movable linker parts. 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 v, is inversely proportional to the relaxation
time 7, characterizing the dipolar dynamics, this temperature-
induced shift directly mirrors the slowing down of the dipolar
motions upon cooling. The amplitude of the &' step, corre-
sponding to the so-called relaxation strength Ae, increases with
decreasing temperature, which is typical for conventional dipolar
relaxation processes?’.

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)282%. As revealed by Fig. 3, in addition
to the bare peaks in ¢"(v) and steps in ¢(v), there are numerous
other spectral contributions: At first, at the high-frequency flank
of the loss peaks and at low temperatures, ¢"(v) crosses over to a
weaker frequency dependence, reminding of the onset of a
secondary relaxation process located at higher-frequencies®.
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Fig. 2 Description of the structures of ZJNU-40 and JLU-Liu30. a Cu-paddlewheel SBU of ZJNU-40 (b) view of SBU-unit of ZJNU-40 out of a-direction
(¢) Cu-paddlewheel SBU of JLU-Liu30 (d). view of SBU-unit of JLU-Liu30 out of a-direction; hydrogen is shown in white, oxygen in red, carbon in gray,

copper in green, nitrogen in blue and sulfur in yellow.

While the experimental resolution did not allow for an
unequivocal detection of the corresponding secondary loss peak,
for the spectra at T<322K we formally accounted for this
contribution by adding a second HN equation to the overall fit
function. The occurrence of secondary relaxations, usually termed
B relaxations, seems to be a universal feature of dipolar molecular
liquids and glasses, but the underlying microscopic processes are
still controversial®1-33. Occasionally, they are also detected in
plastic crystals’?, 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, which were 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 MOFs*. 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 ¢(v) and £"(v) 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, o' = oy, is
insufficient to fit the spectra in this region: Via the general relation
o* =ic*wey (with w=27v and &, the permittivity of vacuum)
between the complex conductivity ¢* =¢'+ ic” and permittivity
e* = ¢g'—ie", dc conductivity should lead to an 1/v increase at low
frequencies in &"(v) only. Instead, we partly had to assume
additional ac conductivity to fit the spectra, which is commonly
modeled by the so-called universal dielectric response (UDR) law3°,
a power law 0’ = 0, v* with exponent s < 1. Via the Kramers-Kronig
relation, this leads to a power law, ¢”=tan(sn/2)0yV*, in the
imaginary part of the conductivity, too. Due to the relations
¢"xo/vand ¢ x ¢"/v (following from o* = ie*we,) ac conductivity
thus contributes to both the real and the imaginary part of the

permittivity. UDR behavior is indicative of hopping charge
transport of localized charge carriers as found in many kinds of
disordered matter and in ionic conductors3”38, 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
powder grains is one possibility. Especially, Copper-paddlewheel
units were demonstrated to undergo partial decomposition by a
variety of pathways. Todaro et al. for instance have investigated the
slow hydrolysis reaction of Copper-paddlewheel units in HKUST-1
at ambient conditions and they defined several models of defective
paddlewheel units by means of ESR spectroscopy>®. However, the
time span during which slow decomposition was observed was
about 20-50 days. Jeong et al. on the other hand demonstrated
enhanced proton conductivity in HKUST-1, which was observed
when methanol was coordinated to the open metal sites of the
Cu(Il) ions in the paddlewheel unit*. A study conducted by
Friedldnder et al. showed that MOFs containing paddlewheel units
may contain a significant fraction of monomeric Cu(II) paddle-
wheel units*. Hence, there are several well-documented cases that
demonstrate a certain structural variability of Copper-paddlewheel
units under different conditions. Moreover, electrically conductive
surface species might yield an additional contribution to this effect
in general. Given the fact that the observed conductivity is lower
than 10714 Q~1cm™! even at the highest investigated temperature
the estimated number of potential defect sites should be very small,
which rules out the possibility to resolve the structural origin of this
effect and it 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 €'(v) and the peak frequency in &"(v), both clearly
discernible in the respective spectra.
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Fig. 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 formula?8 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 &'(v) of the reference
system NOTT-101, lacking any dipolar moment in its linkers, at two
temperatures (243 and 323 K).

Compared to the half width of 1.14 decades predicted by the
Debye theory?’, 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
function?® (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
crystals’%4243 and commonly ascribed to a distribution of
relaxation times due to heterogeneity*»*>. In amorphous
materials as glasses or liquids, this is simply caused by the
structural disorder. However, in plastic crystals’* or other
crystalline materials with dipolar reorientations, like certain
MOFs>4, such broadening is also commonly found, although
they have a well-ordered crystalline lattice. There one can assume
that the different environment, sensed by each dipole, is caused
by interactions with the neighboring dipoles whose orientations
fluctuate and are disordered. These interactions may, e.g., be of
direct dipole-dipole nature or due to steric hindrance3?. The
resulting different environment for each dipole influences its
energy barrier for reorientation and, thus, gives rise to a
somewhat different relaxation time, explaining the peak broad-
ening. Interlinker steric interactions were, e.g., recently found to
explain the distribution of relaxation times detected in a MOF
from the MIL-53 family>.

Figure 4 shows the permittivity spectra of JLU-Liu30, again
revealing typical dipolar relaxation features. Additional contribu-
tions from charge transport and a secondary relaxation (more
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Fig. 4 Dielectric permittivity spectra of JLU-Liu30. The frequency-
dependent dielectric constant &' (@) 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.

clearly resolved than in ZJNU-40) show up in the spectra. The
lines are fits performed in the same way as for Z]NU-40. Some
deviations between fits and experimental data, seen in the
minimum region of £"(v) 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 behavior is often found in materials with polar
order at temperatures below the polar phase-transition47-48, This
finding will be treated in more detail below.

Figure 5 presents the temperature dependence of the mean
relaxation times as determined from the fits of the measured
permittivity spectra (see Figs. 3 and 4 for examples at selected
temperatures). For canonical thermal activation of the rotational
motions, an Arrhenius law, (1) o« exp[E/(kgT)], would be
expected (E denotes the energy barrier). In the Arrhenius
representation of Fig. 5, this should lead to linear behavior 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 freezing42’43. There, such non-Arrhenius tem-
perature dependence is usually fitted by the empirical Vogel-
Fulcher-Tammann (VFT) function, used here in its modified
form as proposed by Angell:#

DT
VE } o

(1) = 1p€Xp {T—TVF
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Fig. 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 7o =7.8 x10~125,
D=133.5 and Tyr=97.1K for ZJNU-40 and 7o =17 x10~%s, D =21.7 and
Tve=97.2 K for JLU-Liu30.

In this equation, Ty is the Vogel-Fulcher temperature, where
(1) diverges, and 7, can be regarded as inverse attempt frequency.
D represents the so-called strength parameter, quantifying the
deviations from Arrhenius behavior (large D means small
deviations; see ref. 4 for details). The empirical VFT function
was originally proposed for glass-forming supercooled
liquids®>>1. 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®?3. Here the term "cooperativity" is
used in the sense of the Adam-Gibbs theory of the glass
transition®* and of newer theories expanding it>>=>7. It essentially
means that the molecules "collectively rearrange over some length
scale"3. The increasing cooperativity corresponds to an increase
of this length scale, finally explaining the non-Arrhenius
behavior®2->7, 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
above?4, 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.., instead of ordering at a phase
transition, it continuously slows down over many decades4.
Finally, it comes to an effective halt, forming a so-called glassy
crystal below an orientational glass-transition temperature,
defined by (7)(T}) = 100s. In plastic crystals, the deviations of

the temperature-dependent relaxation time from Arrhenius
behavior are usually not very pronounced3#>8 but there are also
some exceptions®®. Overall, while we do not have a direct proof
that the non-Arrhenius behavior detected in the investigated two
MOFs is due to cooperativity, based on the current understanding
of glassy freezing, it seems the best explanation.

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 behavior of (7)(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-Liu30), the so-called fragility m
can be calculated®. It is the most common parameter for
quantifying the non-Arrhenius behavior. The obtained values of
m=233.6 (ZJNU-40) and m=43.2 (JLU-Liu30) signify only

1.2 — T T T
L
10k =mm i
]
]
3 08¢ L 1
0.6 - " 1
" JLU-Liu-30
04fm= -
200 250 300 350
T(K)

Fig. 6 Dielectric strength of JLU-Liu30. The squares show the temperature
dependence of Ae as obtained from the fits of the permittivity spectra.

moderate deviations from Arrhenius temperature dependence,
just as in most plastic crystals>>?. Both MOFs should also feature
a glass transition with respect to their orientational dipolar
dynamics. Using the definition (7)(Tg) = 100, the orientational

glass temperature Tg can be estimated from the VFT fits. We

obtain 205 K for ZJNU-40 and 182 K for JLU-Liu30. 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®®”3, These interactions, which can have
different origins like direct dipole-dipole interactions or steric
effects, are not accounted for by the calculations. To enable a
comparison of the dielectric and computational results, the single-
dipole energy barriers E, that would be measured in absence of any
cooperativity can be estimated from the parameters of the
performed VFT fits of (7)(T): As mentioned above, cooperativity
increases when approaching the glass transition upon cooling.
Correspondingly, it decreases with increasing temperature and for
T — oo it should vanish. For very high temperatures, non-
cooperative single-dipole dynamics should be observed because
there any type of interdipole interactions leading to cooperativity
can be neglected, compared to the dominant thermal energy kgT.
For T — oo, Eq. (1) indeed crosses over into simple Arrhenius
behavior with an energy barrier (in K) of E,= DTy We thus
obtain 27kJ/mol and 17 kJ/mol for the single-dipole rotational
energy barriers in ZJNU-40 and JLU-Liu30, respectively.

Finally, we come back to the anomalous temperature
dependence of the relaxation strength below about 300K,
indicated by the permittivity spectra of JLU-Liu30 (Fig. 4).
Figure 6 shows Ae(T) as obtained from the fits of the permittivity
spectra (Fig. 4). It reveals a clear crossover from weak
temperature variation at T>300K 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. Figure 7
presents temperature-dependent &' data as measured upon
heating at various frequencies. In this plot, the detected dipolar
relaxation process of JLU-Liu30 (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 €'(v) spectra, shifting to higher frequencies
with increasing temperature, cf. Figure 4a). Interestingly, super-
imposed to these features, there is a significant anomaly in '(T) at
about 295 K. For a phase transition, a corresponding anomaly
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Fig. 7 Temperature dependence of the dielectric constant of JLU-Liu30.
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).
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should also be revealed upon cooling. As shown in the inset of
Fig. 7, 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 T, (refs. 4748) 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 T, just as in the present case?”-48,
However, below the transition the relaxation times should decrease
with decreasing temperature, again at variance with the present
findings (cf. Fig. 5). Overall, the current 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 switch-
ability 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 transitions®192. Interestingly, the cyanides KCN and NaCN
show very similar €(T) behavior around their antiferroelectric
transitions as JLU-Liu30%%. These are well-known crystalline
materials with reorientational degrees of freedom, just as in the
present MOF. In both cyanides, the dumbbell-shaped CN~ ions
undergo reorientational motions at high temperatures and exhibit
antiferroelectric order at low temperatures®3, For instance similar
steplike €(T) anomalies have been recently found for several
antipolar lacunar spinels as well®46>, Moreover, all these antipolar
materials exhibit significant relaxational dynamics in the ordered
state®3-65, Just as for order-disorder ferroelectrics?’-48, the relaxa-
tional dynamics below T, 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 T, in ref. %3 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 Ae in the present case (Fig. 6). If there is an
antiferroelectric phase transition in JLU-Liu30 at about 300K, it
seems puzzling that the dipolar relaxation times (7)(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 GaNb,S,, where 7(T) data are
available®%%7, interestingly there are no indications for a significant
anomaly in (7)(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. Finally, we want to remark that our dielectric data
cannot provide an absolute proof for antiferroelectric ordering, but
we think at least there are strong hints at such order in this MOF.

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“)%8, whereas for semiempirical
calculations the tight-binding quantum chemical method
»GFN-xtb1“ (with D3 dispersion correction)®®, 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)®®. 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. 70. However, opt-in
for the GFN-xtb1(-D3) as opposed to the more robust GFN-xtb-
2(-D4) approach was gleaned by the fact that all three theoretical
methods should also be available for performing calculations
under 3D periodic boundary conditions, which was 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°). 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-40'4 and JLU-Liu30%,
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 Figs. 9 and 10, correspondingly.

6 COMMUNICATIONS CHEMISTRY | (2023)6:161| https://doi.org/10.1038/s42004-023-00959-6 | www.nature.com/commschem


www.nature.com/commschem

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-00959-6

ARTICLE

1c

ZJNU-40 R S
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Fig. 8 Initial geometries of molecular rotors representing excerpts from the 3D crystal lattices of ZJNU-40 (1) and JLU-Liu30 (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-Liu30, (2b) schematic illustration consisting of simple linker unit of JLU-Liu30 with four Copper-
paddlewheels moieties, (2¢) schematic overview of the molecular rotor unit with the presence of water coordinated to the metal ions in the paddlewheel

units of JLU-Liu30.
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Fig. 9 Torsion potential curves for rotor-stator model compounds of ZJNU-40 related to the fragments 1a-c. The dark gray curves represent the torsion
potential calculation of r2SCAN-3c, violet represents the torsional motion of GFN-FF method, and in blue the calculated motion of semi-empirical GFN-xtb1.

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

Rotors mounted between single bonds (ZJNU-40). All three
methods predict similar maximum potential energy barriers for
the flips of the rotor between different angles with respect to its
stator (~24 - 30 kJ/mol). Neither the size of the molecular frag-
ment, nor the presence of water molecules coordinated to the
metal ions of the paddlewheel units has a major influence on the
calculated energies. However, GEN-FF yields incorrect full tor-
sion potentials for biphenyl type aromatic systems. The coplanar
arrangement of aromatic rings is energetically favored 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 r?’SCAN-3c DFT calcula-
tions is promising taking into account of 3D periodic MD cal-
culations 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.
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Table 1 Activation energy parameters for rotor-stator model compounds as discussed in the text based on the torsion potential
calculation of ZJNU-40 and JLU-Liu30 .
ZJNU-40 GFN-FF GFN-xtb1 r2SCAN-3c
1a ¢=10° @=35° @ =40°
AEin = 0.00 kJ/mol AEhin = 0.00 kJ/mol AEhin = 0.19 kJ/mol
¢=90° =90° @=90°
AEae = 29.44 kJ/mol A = 24.22 kJ/mol AE s = 23.58 kJ/mol
1b @=15° @=35° @ =40°
AEin = 0.00 kJ/mol AEin = 0.00 kJ/mol AEqin = 0.00 kJ/mol
@=90° =90° @ =90°
AE o = 27.46 kl/mol AE s = 23.38 kJ/mol AE s = 22.50 kJ/mol
1c p=5° @=35° @=40°
AEin = 0.05kJ/mol AEmin = 0.00 kJ/mol AEin = 0.29 kJ/mol
@=90° =90° ¢=85°
AE ax = 28.03 kJ/mol AE s = 26.45 kJ/mol AE s = 23.62 kJ/mol
JLU-Liu30 GFN-FF GFN-xtb1 r2SCAN-3c
2a p=0° p=0° p=0°
AE i = 0.00 kJ/mol AE i = 0.00 kJ/mol AE i = 0.28 kJ/mol
¢=90° @ =90° =90°
AE 2 =113 kJ/mol AE .= 7.52 kl/mol AE 2 =12.64 kJ/mol
2b @=0° @=0° 9=0°
AE i = 0.0 kl/mol AEin = 0.0 kJ/mol AE i = 0.0 kJ/mol
¢=90° @=90° =90°
AEa =164 kJ/mol AE o = 7.82 kJ/mol AE,a = 14.55 kJ/mol
2c @=0° @=0° @=0°
AEhin = 0.0 kJ/mol AEin = 0.0 kJ/mol AEnin = 0.0 kJ/mol
¢=90° @=90° =90°
AEa =127 kJ/mol A, = 8.86 kl/mol AE,. = 16.98 kJ/mol

Rotors mounted between triple bonds (JLU-Liu30). Similar to
the model compounds 1la-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 poten-
tial energy barriers for the rotation of the rotor (ranging from 1.1
to 17 kJ/mol), essentially undergoing 180° flips with respect to its
stator. 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 r?SCAN-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 rota-
tional 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 cal-
culation methods. To estimate the influence of intermolecular
dipolar interactions in both frameworks, the torsion potentials of
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Fig. 11 Comparison of calculated torsional potential curves considering
3D boundary conditions of ZJNU-40. GFN-xtb1 calculated torsion
potential curves for the rotation of a single benzothiadiazole rotor placed in
cluster compound 1c (cf. Fig. 8; dark-blue curve) and in the primitive unit
cell of ZJNU-40 (light blue curve), respectively.

a single rotor under 3D periodic boundary conditions (Support-
ing Information) has been examined by climbing image nudged
elastic band (CI-NEB) calculations. In Figs. 11 and 12, we com-
pare the potential energy curves for the torsion of isolated rotors
in a cluster fragment with the values obtained for rotors
embedded within the crystal lattice. For ZJNU-40 we see only
marginal differences for the potential energy curves gleaned from
aperiodic and periodic models of the framework (Fig. 11). In
contrast, the same calculations performed on JLU-Liu30 (Fig. 12)
and its cluster model show a strong distortion of torsion potential
for a full 360° rotation. The potential curve in the latter case
becomes asymmetric, indicating a ratchet-type behavior. This
behavior can be rationalized by the close-spaced circular
arrangement of rotors in JLU-Liu30, where triples of rotors form
a circular head-to-tail arrangement in the geometry optimized
lattice structure. A similar arrangement is present in ZJNU-40.
See Supplementary Data 1 and 2 for the corresponding
trajectories.

The difference, however, is due to the high flexibility of the
acetylenic linker in JLU-Liu30, which allows for a lattice
distortion of the framework at which the rotors can approach
each other at the closest possible distance, i.e., at van der Waals
contact. This structural feature leads to stronger intermolecular
coupling of the dipolar rotors in JLU-Liu30 as opposed to ZJNU-
40.

In both compounds, the total change of activation energy needed
for a full 360° linker rotation is small. This is presumably due to

AE / kJmol™!

T T T T T
0 45 9 135 180 225 270 315 360
torsion angle ¢ / °

Fig. 12 Comparison of calculated torsional potential curves considering
3D boundary conditions of JLU-Liu30. GFN-xtb1 calculated torsion
potential curves for the rotation of a single benzothiadiazole rotor placed in
cluster compound 2c¢ (cf. Fig. 8; dark-blue curve) and in the primitive unit
cell of JLU-Liu30 (light blue curve), respectively.

both, the low dipole moment of individual rotors on one hand and
to the on average small contribution of dispersive rotor interactions
on the other hand. In sum these effects lead to a slight (24%)
increase of the torsion potential energy for JLU-Liu30. DFT
calculations based on the r23SCAN-3c potential are expected to
show similar trends. For visualisation purposes, movies showing
the 360° rotation of the individual benzothiadiazole units of the two
MOFs in the respective crystal lattices are included in the
Supplementary Information (Supplementary Movie 1 and 2).

Conclusions

Summarizing the dielectric-spectroscopy results, in both investi-
gated MOFs we found clear evidence for relaxation dynamics,
arising from the cooperative reorientational motions of the
dipolar benzothiadiazole moieties in the linkers. It is character-
ized by non-exponentiality of the spectral shape and non-
Arrhenius behavior of the relaxation time, typical for glassy
freezing, and an orientational glass transition is approached upon
cooling. Overall, the characteristics of the dipole dynamics in
these systems, including the relatively moderate fragility, resem-
bles the findings in 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 rotation were deduced to be 27 kJ/mol and 17 kJ/mol for
ZJNU-40 and JLU-Liu30, respectively. One should be aware,
however, that the actual energy barriers, revealed by dielectric
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spectroscopy, are temperature dependent and enhanced due to
cooperative dipole motions.

All our dielectric data on JLU-Liu30 are well consistent with
an antiferroelectric ordering of the dipoles, located on the lin-
kers of this MOF, below about 300 K. In recent years, there have
been various reports of antiferroelectric ordering in MOFs, e.g.,
refs. 1371-77_ However, to our knowledge, only in a single case
the ordering was found to arise from reorienting linkers!3.
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 behavior in
relaxor ferroelectrics’®7%. If we assume a second-order anti-
ferroelectric phase transition as in the cyanides, the order
parameter should continuously increase below T, and reach its
maximum (i.e., full antiferroelectric order) for T — 0K only.
Interestingly, the orientational glass transition at 182 K for JLU-
Liu30 will prevent this complete ordering unless for infinitely
slow cooling rates.

Out of the torsion potential calculations employing a semi-
empirical ansatz, namely GFN-xtbl, 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-Liu30, depending on the theo-
retical level, a rotational barrier of 1.1-17 kJ/mol was calcu-
lated. Especially the calculation by the DFT method, r?’SCAN-
3¢, yielded a rotational barrier of the rotor that very well
compares to the experimentally determined by dielectric spec-
troscopy. The GFN-FF method as well as the GFN-xtbl
method, on the other hand, lead to much lower rotational
barriers for the JLU-Liu30 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 cal-
culated values. Along with this, the identification of existing or
the development of new dipolar MOF structures that exhibit
distinct structural phase transitions with respect to the arrange-
ment of the dipolar rotors supported by the framework structures
seems to be an obvious goal for future research directions in this
field. Here, the physical effects might become quite complex,
similar to the many reported cases of magnetostructural phase
transitions in ferro- or ferrimagnetic solid state compounds (vide
infra).

Demonstrating activated diffusion, i.e. mass transport of
adsorbed molecules as response to external stimuli yet represents
another direction into which such framework compounds might
be engineered, provided that appropriate design rules become
available, which should put the required strong dipolar coupling
of the rotor units into a balance with the requirements for
mechanically and chemically stable frameworks. In terms of
theoretical simulations, the inherent size-dependency for the
emergence of permanently or switchable polarized domains
remains a serious pitfall, demanding suitably optimized force-
field approaches and a hierarchy of computational sampling and
embedding techniques, as described and discussed by Goodwin®.

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-Liu30 were synthesized via Suzuki-Miyaura reac-
tions according to the literature procedures under reduced argon atmosphere!>18.
The synthesis of the two MOFs ZJNU-404 and JLU-Liu30'> were modified. The
green crystals of ZJNU-40 were obtain by mixing Cu(NOs), - 3H,0 in Diethyl-
formamide (DEF), adding the organic linker 5,5'-benzo(c][1,2,5]thiadiazole-4,7-
diyldiisophthalic acid (H4L), water and 6 M hydrochloric acid. The mixture was
heated in an oven at 70 °C over 96 h. JLU-Liu30 was prepared via autoclave
synthesis at a temperature of 85 °C over a time of 48 h. For the likewise green
crystals, Cu(NOs), - 3H,O 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 et al.!%. See Supplementary Methods for full
details.

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. The characterisations
are described in Supplementary Data Figs. S1-S13 in the Supplementary Methods.

Full rotation torsion potentials were calculated for each of these fragments with
the ORCA code (V.5.2 & V5.3)81:82,

Prior to the dielectric measurement, each sample was dried in vacuum
atmosphere at 100 °C for 2 h in order to minimize the amount of residual solvent
molecules and water in the sample. For JLU-Liu30, a dielectric measurement of the
as-prepared material revealed an additional significant relaxation peak while the
amplitude of the linker-related process remained essentially unchanged. Its absence
in the dried sample demonstrates the effectiveness of the heat treatment. The
powder samples were measured in a stainless-steal, circular, parallel-plate capacitor
with a diameter of 10.0 mm and a plate distance of 0.17-0.40 mm, depending on
the sample. The large ratio between capacitor plate area and capacitor plate
distance minimizes stray-effects. All measurements were performed in a Quatro
cryosystem by Novocontrol in a steady stream of dry N,-gas, employing a
frequency-response Alpha-A analyzer by Novocontrol using pseudo-fourpoint
contact geometry. All samples were investigated in a broad frequency range from
0.1 Hz to about 1 MHz between 180 and 375 K.

For more details on the experimental procedures, see the Supporting
Information.

Data availability

The data that support the findings of this study are enclosed in the supplementary
material (Supporting information, Supplementary Movie 1 and 2 and Supplementary
Data 1 and 2) and are available from the corresponding author upon reasonable request.

Received: 31 January 2023; Accepted: 14 July 2023;
Published online: 29 July 2023

References

1. “Joe” Zhou, H.-C. & Kitagawa, S. Metal-organic frameworks (MOFs). Chem.
Soc. Rev. 43, 5415-5418 (2014).

2. Stavila, V. et al. Thin film growth of nbo MOFs and their integration with
electroacoustic devices. Adv. Funct. Mater. 26, 1699-1707 (2016).

3. Paschke, B., Wixforth, A., Denysenko, D. & Volkmer, D. Fast surface acoustic
wave-based sensors to investigate the kinetics of gas uptake in ultra-
microporous frameworks. ACS Sens. 2, 740-747 (2017).

4. Kreno, L. E. et al. Metal-organic framework materials as chemical sensors.
Chem. Rev. 112, 1105-1125 (2012).

10 COMMUNICATIONS CHEMISTRY | (2023)6:161| https://doi.org/10.1038/s42004-023-00959-6 | www.nature.com/commschem


www.nature.com/commschem

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-00959-6

ARTICLE

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Gonzalez-Nelson, A. et al. Emergence of coupled rotor dynamics in metal-
organic frameworks via tuned steric interactions. . Am. Chem. Soc. 143,
12053-12062 (2021).

Devautour-Vinot, S. et al. Caffeine confinement into a series of functionalized
porous zirconium MOFs: a joint experimental/modeling exploration. J. Phys.
Chem. C 117, 11694-11704 (2013).

Bal¢itnas, S. et al. Dielectric spectroscopy of water dynamics in functionalized
UiO-66 metal-organic frameworks. Molecules 25, 1962 (2020).

Perego, J. et al. Benchmark dynamics of dipolar molecular rotors in
fluorinated metal-organic frameworks. Angew. Chem. Int. Ed. 62, €202215893
(2023).

Namsani, S. & Yazaydin, A. O. Electric field induced rotation of halogenated
organic linkers in isoreticular metal-organic frameworks for nanofluidic
applications. Mol. Syst. Des. Eng. 3, 951-958 (2018).

Perego, J. et al. Fast motion of molecular rotors in metal-organic framework
struts at very low temperatures. Nat. Chem. 12, 845-851 (2020).

Perego, J. et al. Cascade dynamics of multiple molecular rotors in a MOF:
benchmark mobility at a few kelvins and dynamics control by CO,. J. Am.
Chem. Soc. 143, 13082-13090 (2021).

Vogelsberg, C. S. et al. Ultrafast rotation in a amphidynamic crystalline metal
organic framework. Proc. Natl Acad. Sci. USA 114, 13613-13618 (2017).

Su, Y.-S. et al. Dipolar order in an amphidynamic crystalline metal-organic
framework through reorienting linkers. Nat. Chem. 13, 278-283 (2021).
Song, C. et al. Enhanced CO, sorption and selectivity by functionalization of a
NbO-type metal-organic framework with polarized benzothiadiazole
moieties. Chem. Commun. 50, 12105-12108 (2014).

Luo, X. et al. Two functional porous metal-organic frameworks constructed
from expanded tetracarboxylates for gas adsorption and organosulfurs
removal. Cryst. Growth Des. 16, 7301-7307 (2016).

He, Y., Zhou, W,, Yildirim, T. & Chen, B. A series of metal-organic
frameworks with high methane uptake and an empirical equation for
predicting methane storage capacity. Energy Environ. Sci. 6, 2735 (2013).
Tobiason, F. L., Huestis, L., Chandler, C., Pedersen, S. E. & Peters, P. The polar
nature of 2,1,3-benzoxadiazole, -benzothiadiazole, -benzoselenadiazole and
derivatives as determined by their electric dipole moments. J. Heterocycl.
Chem. 10, 773778 (1973).

Wudarczyk, J. et al. Dicyanobenzothiadiazole derivatives possessing
switchable dielectric permittivities. ACS Appl. Mater. interfaces 9,
20527-20535 (2017).

Hamer, S. et al. Synthesis of dipolar molecular rotors as linkers for metal-
organic frameworks. Beilstein J. Org. Chem. 15, 1331-1338 (2019).
Gonzalez-Nelson, A., Coudert, F.-X. & van der Veen, M. Rotational dynamics
of linkers in metal-organic frameworks. Nanomaterials 9, 330 (2019).
Kottas, G. S., Clarke, L. 1., Horinek, D. & Michl, J. Artificial molecular rotors.
Chem. Rev. 105, 1281-1376 (2005).

Vogelsberg, C. S. & Garcia-Garibay, M. A. Crystalline molecular machines:
function, phase order, dimensionality, and composition. Chem. Soc. Rev. 41,
1892-1910 (2012).

Winston, E. B. et al. Dipolar molecular rotors in the metal-organic framework
crystal IRMOF-2. Phys. Chem. Chem. Phys. 10, 5188-5191 (2008).

Howe, M. E. & Garcia-Garibay, M. A. The roles of intrinsic barriers and
crystal fluidity in determining the dynamics of crystalline molecular rotors
and molecular machines. J. Org. Chem. 84, 9835-9849 (2019).
Devautour-Vinot, S. et al. Structure and dynamics of the functionalized MOF
type UiO-66(Zr): NMR and dielectric relaxation spectroscopies coupled with
DFT calculations. Chem. Mater. 24, 2168-2177 (2012).

See collection of articles in Broadband dielectric spectroscopy (eds. Kremer, F.
& Schénhals, A.) (Springer, 2003).

Bottcher, C. J. F. & Bordewijk, P. Theory of Electric Polarization, Vol. IT
(Elsevier, 1973).

Havriliak, S. & Negami, S. A complex plane analysis of a-dispersions in some
polymer systems. J. Polym. Sci. C 14, 99-117 (1966).

Schonhals, A. & Kremer, F. Analysis of dielectric spectra in Broadband
dielectric spectroscopy (eds. Kremer, F. & Schonhals, A.) 59-98 (Springer,
2003).

Lunkenheimer, P. & Loidl, A. Glassy dynamics: From millihertz to terahertz in
The scaling of relaxation processes (eds. Kremer, F. & Loidl, A.) 23-59
(Springer, 2018).

Johari, G. P. & Goldstein, M. Viscous liquids and the glass transition. II.
Secondary relaxations in glasses of rigid molecules. J. Chem. Phys. 53,
2372-2388 (1970).

Kudlik, A., Benkhof, S., Blochowicz, T., Tschirwitz, C. & Réssler, E. A. The
dielectric response of simple organic glass formers. J. Mol. Struct. 479,
201-218 (1999).

Kastner, S., Kéhler, M., Goncharov, Y., Lunkenheimer, P. & Loidl, A. High-
frequency dynamics of type B glass formers investigated by broadband
dielectric spectroscopy. J. Non-Cryst. Solids 357, 510-514 (2011).

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Brand, R., Lunkenheimer, P. & Loidl, A. Relaxation dynamics in plastic
crystals. J. Chem. Phys. 116, 10386-10401 (2002).

Sippel, P. et al. Dielectric relaxation processes, electronic structure and band
gap engineering of MFU-4-type metal-organic frameworks: towards a rational
design of semiconducting microporous materials. Adv. Funct. Mater. 24,
3885-3896 (2014).

Jonscher, A. K. Dielectric Relaxation in Solids (Chelsea Dielectrics Press, 1983).
Elliott, S. R. A.c. conduction in amorphous chalcogenide and pnictide
semiconductors. Adv. Phys. 36, 135-217 (1987).

Funke, K. Ion dynamics and correlations. Translational and localized ionic
hopping motion in solid electrolytes. Philos. Mag. A 68, 711-724 (1993).
Todaro, M. et al. Decomposition process of carboxylate MOF HKUST-1
unveiled at the atomic scale level. . Phys. Chem. C 120, 12879-12889 (2016).
Jeong, N. C., Samanta, B., Lee, C. Y., Farha, O. K. & Hupp, J. T. Coordination-
chemistry control of proton conductivity in the iconic metal-organic
framework material HKUST-1. J. Am. Chem. Soc. 134, 51-54 (2012).
Friedlander, S. et al. Single crystal electron paramagnetic resonance with
dielectric resonators of mononuclear Cu?* ions in a metal-organic framework
containing Cu, paddle wheel units. J. Phys. Chem. C 119, 19171-19179 (2015).
Ediger, M. D., Angell, C. A. & Nagel, S. R. Supercooled liquids and glasses. J.
Phys. Chem. 100, 13200-13212 (1996).

Dyre, J. C. Colloquium: The glass transition and elastic models of glass-
forming liquids. Rev. Mod. Phys. 78, 953-972 (2006).

Sillescu, H. J. Heterogeneity at the glass transition: a review. Non-Cryst. Solids
243, 81-108 (1999).

Ediger, M. D. Spatially heterogeneous dynamics in supercooled liquids. Annu.
Rev. Phys. Chem. 51, 99-128 (2000).

Liu, Z., Wang, Y. & Garcia-Garibay, M. A. Rotational dynamics of an
amphidynamic zirconium metal—organic framework determined by dielectric
spectroscopy. J. Phys. Chem. Lett. 12, 5644-5648 (2021).

Blinc, R & Zeks, B. Soft Modes in Ferroelectrics and Antiferroelectrics (North-
Holland, 1994).

Lines, M. E. & Glass, A. M. Principles and Applications of Ferroelectrics and
Related Materials (Clarendon Press, 1996).

Angell, C. A. in Relaxations in Complex Systems (eds. Ngai, K. L. & Wright, G.
B.) 3-12 (Naval Research Laboratory, Washington, DC, 1985).

Fulcher, G. S. Analysis of recent measurements of the viscosity of glasses. J.
Am. Ceram. Soc. 8, 339-355 (1923).

Tammann, G. & Hesse, W. Die Abhangigkeit der Viscositit von der
Temperatur bei unterkiihlten Fliissigkeiten. Z. Anorg. Allg. Chem. 156,
245-257 (1926).

Debenedetti, P. G. & Stillinger, F. H. Supercooled liquids and the glass
transition. Nature 310, 259-267 (2001).

Albert, S. et al. Fifth-order susceptibility unveils growth of thermodynamic
amorphous order in glass-formers. Science 352, 1308-1311 (2016).

Adam, G. & Gibbs, J. H. On the temperature dependence of cooperative
relaxation properties in glass-forming liquids. . Chem. Phys. 43, 139-146
(1965).

Bouchaud, J.-P. & Biroli, G. Nonlinear susceptibility in glassy systems: A
probe for cooperative dynamical length scales. Phys. Rev. B 72, 064204
(2005).

Biroli, G., Bouchaud, J. P., Miyazaki, K. & Reichman, D. R. Inhomogeneous
mode-coupling theory and growing dynamic length in supercooled liquids.
Phys. Rev. Lett. 97, 195701 (2006).

Kivelson, S. A. & Tarjus, G. In search of a theory of supercooled liquids. Nat.
Mater. 7, 831-833 (2008).

Mizuno, F. et al. Highly decoupled ionic and protonic solid electrolyte
systems, in relation to other relaxing systems and their energy landscapes. J.
Non-Cryst. Solids 352, 5147-5155 (2006).

Bauer, T., Kéhler, M., Lunkenheimer, P., Loidl, A. & Angell, C. A. Relaxation
dynamics and ionic conductivity in a fragile plastic crystal. J. Chem. Phys. 133,
144509 (2010).

Bohmer, R, Ngai, K. L., Angell, C. A. & Plazek, D. J. Nonexponential
relaxations in strong and fragile glass formers. J. Chem. Phys. 99, 4201-4209
(1993).

Tolédano, P. & Guennou, M. Theory of antiferroelectric phase transitions.
Phys. Rev. B 94, 014107 (2016).

Tolédano, P. & Khalyavin, D. D. Symmetry-determined antiferroelectricity in
PbZrOs, NaNbOs, and PbHfOs. Phys. Rev. B 99, 024105 (2019).
Ortiz-Lopez, J., Siu Li, M. & Luty, F. Dielectric studies of CN" dipolar
reorientation and order/disorder behavior. Phys. Stat. Sol. B 199, 245-264
(1997).

Geirhos, K. et al. Cooperative cluster Jahn-Teller effect as a possible route to
antiferroelectricity. Phys. Rev. Lett. 126, 187601 (2021).

Winkler, M., Prodan, L., Tsurkan, V., Lunkenheimer, P. & Kézsmarki, 1.
Antipolar transitions in GaNb,Seg and GaTa,Ses. Phys. Rev. B 106, 115146
(2022).

COMMUNICATIONS CHEMISTRY | (2023)6:161| https://doi.org/10.1038/s42004-023-00959-6 | www.nature.com/commschem 1


www.nature.com/commschem
www.nature.com/commschem

ARTICLE

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-023-00959-6

66. Liity, F. & Ortiz-Lopez, ]. Dipolar reorientation and order-disorder behavior
of pure and mixed alkali cyanides. Phys. Rev. Lett. 50, 1289-1292 (1983).

67. Geirhos, K. et al. Optical, dielectric, and magnetoelectric properties of
ferroelectric and antiferroelectric lacunar spinels. Phys. Stat. Sol. B 259,
2100160 (2022).

68. Spicher, S. & Grimme, S. Robust atomistic modeling of materials, organometallic,
and biochemical systems. Angew. Chem. 59, 15665-15673 (2020).

69. Grimme, S., Bannwarth, C. & Shushkov, P. A robust and accurate tight-
binding quantum chemical method for structures, vibrational frequencies, and
noncovalent interactions of large molecular systems parametrized for all spd-
block elements (Z=1-86). J. Chem. Theory Comput. 13, 1989-2009 (2017).

70. Bursch, M., Mewes, J.-M., Hansen, A. & Grimme, S. Best Practice DFT
Protocols for Basic Molecular Computational Chemistry (2022).2. Bursch, M.,
Mewes, J.-M., Hansen, A. & Grimme, S. Best-practice dft protocols for basic
molecular computational chemistry. Angew. Chem. Int. Ed. 61, €202205735
(2022).

71. Jain, P. et al. Order-disorder antiferroelectric phase transition in a hybrid
inorganic-organic framework with the perovskite architecture. J. Am. Chem.
Soc. 130, 10450-10451 (2008).

72. Jain, P. et al. Multiferroic behavior associated with an order-disorder
hydrogen bonding transition in metal-organic frameworks (MOFs) with the
perovskite ABX; architecture. . Am. Chem. Soc. 131, 13625-13627 (2009).

73. Pato-Doldan, B. et al. Coexistence of magnetic and electrical order in the new
perovskite-like (C3N,Hs)[Mn(HCOO);] formate. RSC Adv. 3, 22404-22411
(2013).

74. Ciupa, A. et al. Temperature-dependent studies of [(CH3),NH,]
[FelIMI(HCOO);4] frameworks (M!I = Fe and Mg): structural, magnetic,
dielectric and phonon properties. Dalton Trans. 44, 8846-8854 (2015).

75. Sieradzki, A. et al. Dielectric relaxation behavior in antiferroelectric metal
organic framework [(CH3),NH,][FelllFell(HCOO)s] single crystals. Phys.
Chem. Chem. Phys. 18, 8462-8467 (2016).

76. Siménas, M. et al. EPR of structural phase transition in manganese- and
copper-doped formate framework of [NH;(CH,),NH;][Zn(HCOO);],. J.
Phys. Chem. C 120, 19751-19758 (2016).

77. Mazzuca, L. et al. Microscopic insights on the multiferroic perovskite-like
[CH3NH;] [Co(COOH);] compound. Chem. Eur. ]. 24, 388-399 (2018).

78. Samara, G. A. The relaxational properties of compositionally disordered ABO;
perovskites. J. Phys. Condens. Matt. 15, R367-R411 (2003).

79. Cross, L. E. Relaxor ferroelectrics. Ferroelectrics 76, 241-267 (1987).

80. Goodwin, A. L. Opportunities and challenges in understanding complex
functional materials. Nat. Commun. 10, 4461 (2019).

81. Neese, F., Wennmohs, F., Becker, U. & Riplinger, C. The ORCA quantum
chemistry program package. J. Chem. Phys. 152, 224108 (2020).

82. Neese, F. Software update: the ORCA program system—Version 5.0. WIREs
Comput. Mol. Sci. 12, 1606 (2022).

Acknowledgements
This work was supported by German Research Foundation (DFG priority program) SPP
1928: Coordination Networks: Building Blocks for Functional Systems (COORNETs). The

open access publication of this article was supported by the DFG sponsored Open Access
Fund of the University of Augsburg.

Author contributions

D.V. and J.S. directed and conceived this project. J.S. synthesized and characterised
the metal-organic frameworks, performed data analysis and compiled the manuscript.
A.S. and P.L. conducted and analysed the DES-measurements and prepared the DES-
section. D.V. did theoretical calculation, prepared the manuscript and supervised. All
authors discussed the results and have given approval to the final version of the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/542004-023-00959-6.

Correspondence and requests for materials should be addressed to Dirk Volkmer.

Peer review information Communications Chemistry thanks the anonymous reviewers
for their contribution to the peer review of this work. A peer review file is available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

12 COMMUNICATIONS CHEMISTRY | (2023)6:161| https://doi.org/10.1038/s42004-023-00959-6 | www.nature.com/commschem


https://doi.org/10.1038/s42004-023-00959-6
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commschem

	Benzothiadiazole-based rotation and possible antipolar order in carboxylate-based metal-organic frameworks
	Results and discussion
	Dielectric spectroscopy
	Torsion potential calculations
	Rotors mounted between single bonds (ZJNU-40)
	Rotors mounted between triple bonds (JLU-Liu30)

	Conclusions
	Methods
	Experimental and computational details

	Data availability
	References
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




