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ABSTRACT: We report the synthesis and rotational dynamics of the pillared metal organic framework Zn2(F2BDC)2(DABCO) 
where F2BDC=2,3-difluorobenzene-1,4-dicarboxylate acts as a rotating dipolar linker and DABCO=1,4-diazabicyclo[2.2.2]octane 
as a spacer (F2MOF 1). The pillared structure of F2MOF 1 was confirmed by X-ray diffraction and CP-MAS 13C NMR analyses. 
Using variable temperature solid state 2H NMR and broadband dielectric spectroscopy, we characterized the rotational dynamics of 
the dipolar F2BDC linker in the solid state. Variable temperature (VT) quadrupolar echo 2H NMR measurements revealed a rota-
tional activation energy of Ea = 6.8 ± 0.1 kcal/mol, which agreed well with temperature and frequency-dependent dielectric meas-
urements, indicating a barrier of Ea = 7.1 ± 0.5 kcal/mol. Structural data from single crystal X-ray diffraction and quantum mechan-
ical calculations (DFT) suggest that the rotational potential is determined by steric interactions between the dipolar rotator and the 
stator linkers such that fluorine atoms in the F2BDC linker reduce the activation energy by destabilization of the coplanar BDC 
ground state.  

INTRODUCTION 
Amphidynamic crystals are built with a combination of static, 
lattice-forming elements that are linked to mobile molecular 
components.1-4 The most promising approach for the realiza-
tion of amphidynamic crystals is based on the design of crys-
talline molecular rotors.1-6 These materials have attracted a 
great deal of attention because they are expected to provide 
opportunities to control many of their physical properties by 
collectively changing the dynamics and orientation of dipolar 
rotators as they interact with each other and with external 
fields.1-4,7,8 To optimize the desired behavior, it is important to 
increase the magnitude of the dipole-dipole interactions (EDD) 
to the point that they are greater than thermal energy (kT) and 
rotational barriers (Ea). Amphidynamic materials with EDD >> 
kT ≥ Ea are expected to exhibit spontaneous order with dipolar 
arrays being susceptible to external switching to control their 
ferroelectric, acoustic and optical properties.3,9-11 With this 
goal in mind, we explored the dynamics of the dipolar fluoro-
phenylene12 and 2,3-difluorophenylene13 rotators axially at-
tached by alkyne axles to triphenylmethyl stators. However, 
the densely packed environments of their corresponding mo-
lecular crystals led to large barriers to rotation (13.7 and 14.1 
kcal/mol, respectively), which prevented the observation of 
dipolarly-ordered phases. 

 

Figure 1. (a) Zn2(H4/X2BDC)2(DABCO) MOF structure. (b) Ex-
pected potential energy diagrams for BDC (dashed black line) and 
X2BDC rotation (solid red line), and (c) the corresponding line 
structures of BDC and X2BDC. Steric interactions between the 
ortho X-substituent and the carboxylate group destabilize the 
ground state in the polar X2BDC.  
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As an alternative to densely packed molecular crystals, and 
seeking to generate 2D square grids of closely interacting di-
polar rotors, we have now prepared crystals of the pillared 
MOF Zn2(F2BDC)2(DABCO) (F2MOF 1, F2BDC=2,3-
difluorobenzene 1,4-dicarboxylate, DABCO=1,4-
diazabicyclo[2.2.2]octane) featuring the dipolar F2BDC rotator 
(Figure 1a, X=F). We selected the F2BDC linker because of its 
small size and reasonably large dipole moment of µ≈3.0 De-
bye.13 DABCO was selected as the spacer between layers of 
[Zn2(F2BDC)2] because of its proven ability to form pillared 
MOFs. In fact, isomorphous pillared MOFs with unsubstituted 
benzene dicarboxylate Zn2(BDC)2(DABCO) (H4MOF 2),14 
and the tetrafluorobenzene dicarboxylate 
Zn2(F4BDC)2(DABCO) (F4MOF 3, F4BDC=2,3,5,6-
tetrafluorobenzene-dicarboxylate)15 have been reported in the 
literature. Furthermore, crystal structures of the F4BDC rotator 
in F4MOF 3 and a similar BrBDC rotator in the zinc oxide 
cluster-containing IRMOF-2 [Zn4(C6H3O4-Br)3] are character-
ized by disordered aromatic rings that avoid co-planarity with 
the carboxylate,16 suggesting that steric or electrostatic interac-
tions between the aryl substituents and the carboxylate ox-
ygens destabilize the otherwise co-planar ground state mini-
mum (Figure 1b).17 Based on that, we hypothesize that the 
barrier to rotation for F2MOF 1 should be lower than that of 
H4MOF 2, as suggested by the red solid potential in Figure 1b. 
The local maximum is postulated to occur due to the steep rise 
in van der Waals repulsion when atoms come closer than their 
van der Waals radii. Using variable temperature quadrupolar 
echo 2H NMR and temperature and frequency dependent die-
lectric spectroscopy to measure the rotational motion of 
F2BDC linker we confirmed that fluorine substitution reduces 
the activation energy from Ea = 8.6 kcal/mol in the non-polar 
H4MOF 214 to Ea = 6.8 kcal/mol in F2MOF 1. We also report 
computational results that provide us with some insight into 
the energy changes that affect the rotational potential.  

Scheme 1 

 
ETG: ethylene glycol 

RESULTS AND DISCUSSION 
Synthesis, Thermal Analysis and Crystal Structures. The 
F2BDC linker 6 was prepared in four steps from 1,2-
difluorobenzene 4. As shown in Scheme 1, the synthesis start-
ed with lithiation of 4 by treatment with sec-butyllithium, fol-
lowed by reaction with N,N-dimethylformamide (DMF) and 
protection of the resulting aldehyde as a dioxolane to afford 
compound 5. The ligand F2BDC 6 was obtained by formyla-
tion of 5 via lithiation followed by deprotection and oxidation 
of the dialdehyde using Jones reagent (Scheme 1). The deuter-
ium isotopologue 6-d2 was obtained by heating at 160 °C in a 
sealed pressure vessel a mixture of the acid 6, deuterium ox-
ide, cyclohexane, isopropanol and Pt/C as the catalyst. This 
procedure afforded 6-d2 with a deuterium content of 36% 

(Figure S1). Powdered samples of the pillared metal organic 
frameworks F2MOF 1 and F2MOF 1-d2 were prepared under 
solvothermal conditions by heating a mixture of F2BDC 6 or 
6-d2, DABCO and Zn(NO3)2·6H2O in dried DMF at 120 °C for 
48 h. The as-synthesized porous material was activated by 
solvent exchange with dichloromethane and heated at 100 °C 
under vacuum. The thermal stabilities of F2MOF 1 and 
F2MOF 1-d2 were analyzed by thermal gravimetric analysis 
(TGA). The TGA trace of the as-synthesized material showed 
a loss of 15% mass from 125 °C to 170 °C that corresponded 
to DMF (b.p. 152 °C – 154 °C). The material started to decom-
pose at 320 °C (Figure S2). TGA analysis of the activated 
F2MOF 1 and F2MOF 1-d2 showed no loss of mass from room 
temperature to 250 °C. As shown in Figure 2, the experimental 
powder X-ray diffraction pattern obtained from the activated 
F2MOF 1 is in good agreement with those simulated from the 
published single crystal X-ray diffraction data of isostructural 
H4MOF 2 and F4MOF 3, as well as that of the tetragonal lay-
ered structure of F2MOF 1 discussed below.  

 
Figure 2. (a) Experimental PXRD pattern from the low tem-
perature phase of F2MOF 1 compared to those calculated from 
the single crystal structures of the tetragonal layered structures 
of: (b) F2MOF 1, (c) H4MOF 2, and (d) F4MOF 3. 

Subsequent experiments to obtain diffraction quality single 
crystals of F2MOF 1 in dried DMF revealed the formation of 
two polymorphs depending on crystallization time and tem-
perature. Two different crystalline morphologies were ob-
served using SEM imaging in samples grown at 125 °C and 
120 °C (Figure 3). Samples obtained at 120 °C over 24 h con-
sisted of elongated prisms with square or rectangular cross 
sections (Figure 3a). By contrast, samples synthesized at 125 
°C over 12 h contained a mixture of the same prismatic crys-
tals along with various amounts of long needle-like crystals 
with hexagonal cross sections (Figure 3b). 

 
Figure 3. Scanning electron microscopy images of crystals of 
F2MOF 1. 

Our attempts to solve the structures of activated samples were 
successful only for the long needles. The elongated prisms 
could only be solved in the presence of DMF. Diffraction data 
were solved, respectively in the hexagonal space group (P3-
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bar) and in the tetragonal space group (P4/ncc) with unit cell 
parameters of 21.5 x 21.5 x 9.6 Å and 15.0 x 15.0 x 19.2 Å 
respectively. These structures highlight the well-known 
framework flexibility of the paddle wheel frameworks (Figure 
4).18 The solvent-free hexagonal structure is characterized by 
hexagonal channels and triangular units analogous to those 
found in the framework MIL-68 (Figure 4a).19 By contrast, the 
solvent-containing tetragonal network is analogous to that 
observed with as synthesized H4BDC MOF 2, and is charac-
terized by alternating negative and positive radial distortion of 
the F2BDC linkers (Figure 4b).20 The highly disordered sol-
vent molecules could not be modeled accurately and thus were 
removed using the SQUEEZE algorithm.21 Taking advantage 
of the lower temperature synthesis, and using PXRD to con-
firm the phase identity of our F2BDC MOF 1 samples (Figure 
S3), we set out to carry out rotational dynamics and dielectric 
measurements with samples of the tetragonal solvent-free 
phase. 

 

Figure 4. Single crystal X-ray diffraction structures of F2BDC 
MOF for (a) hexagonal (P3-bar) and (b) tetragonal (P4/ncc) pol-
ymorphs. X-Ray diffraction data were collected at 100 K.  

Solid-State 13C CPMAS NMR Spectroscopy. In agreement 
with the tetragonal nature of solvent-free F2MOF 1, 13C NMR 
spectra obtained by cross polarization and magic angle spin-
ning (CP-MAS) displayed only five signals (Figure 5). Unique 
carboxylate (CO) plus fluorinated (C2), quaternary (C1) and 
protonated (C2) aromatic signals at 167.6, 151.6, 125.6 and 
122.9 ppm, respectively. These signals are accompanied by a 
sharp DABCO peak at ca. 45.9 ppm. A spectrum measured 
with a short contact time (Figure 5c) to select for carbon atoms 
linked to hydrogens that have a large heteronuclear dipolar 
coupling and a fast and efficient cross polarization allowed for 
the unequivocal assignment of C3 and DABCO. Complemen-
tarily, a non-quaternary suppression experiment (NQS) can be 
used to identify quaternary carbons as well as protonated car-
bons in groups that experience high mobility (>20 kHz) in the 
solid state.22 The spectrum obtained from the NQS experiment 
(Figure 5a) helps confirm the assignment of the carboxylate 
(CO), quaternary ipso-carbon (C1) and fluorinated C-2 of the 
F2BDC linker. Notably, the protonated C3 carbon of the aro-
matic ring and the methylene carbons of the DABCO linker 

did not disappear, indicating that both groups experience fast 
dynamics in the solid state. The assumed symmetry of the 
crystal requires the position of the fluorine atoms to be rota-
tionally disordered, and the two rotational sites to be crystallo-
graphically and magnetically equivalent. In agreement with 
this expectation, CP-MAS 13C NMR measurements carried out 
at low temperature, down to 150 K, displayed only insignifi-
cant broadening (Figure S4). 

 

Figure 5. CP MAS 13C NMR of F2MOF 1. (a) NQS experiment 
showing quaternary carbons and protonated carbons of the highly 
mobile DABCO linker, (b) regular CP-MAS spectrum showing 
quaternary and protonated carbons and (c) CP-MAS spectrum 
with a short contact time showing protonated carbons. 

Rotational Dynamics by 2H NMR Line-Shape Analysis. 
With thermal stability data available we set out to investigate 
the rotational dynamics of the F2BDC linker in the tetragonal 
pillared structure of F2MOF 1. It has been reported that the 
rotation of DABCO in pillared MOFs has a low energy barri-
er,23 for this reason we did not further investigate its dynamics 
in F2MOF 1. To investigate the dynamics of F2BDC using 
solid state NMR, we needed a probe that measures changes in 
magnetic properties that are not determined by local symmetry 
and/or changes in chemical shift, but rather by changes in the 
orientation of F2BDC rotator with respect to an external frame 
of reference. A technique that meets this requirement when 
rotational site exchange dynamics occur in the range of 103-
107 s-1 (i.e., 10 kHz to 10 MHz) is quadrupolar echo 2H NMR. 
The line-shape of the 2H NMR spectrum obtained from pow-
der samples is sensitive to the trajectories and frequencies of 
motion as the result from the dynamic modulation of the inter-
action that occurs between electric field gradient and the elec-
tric quadrupole moment in the 2H (D) atom.24 As a result of 
that, the spectrum changes as a function of the orientation of 
the C-D bond vector with respect to the orientation of the ex-
ternal magnetic field. With that in mind, a sample of F2MOF 1 
was prepared using the deuterium labeled F2BDC-d2 ligand 
and quadrupolar echo 2H NMR experiments were recorded at 
46.2 MHz in the range of 220 to 260 K (Figure 6). The exper-
imental 2H NMR spectra were simulated25 with a model where 
the 2,3-difluorophenylene ring reorients by 180° jumps be-
tween two equilibrium positions along the 1,4-axis at frequen-
cies that increase as a function of increasing temperature. We 
found that at 260 K the 2H NMR spectrum line shape is close 
to the one that has been well documented in the fast exchange 
regime, in this case ca. 9.7 MHz. With the frequencies of rota-
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tion obtained from the simulation of the spectra one can use 
the Arrhenius equation to calculate an activation barrier of Ea 
= 6.8±0.1 kcal/mol and an attempt frequency (or pre-
exponential factor) of A = 5.4x1012 s-1.  

 

Figure 6. (Left column) Experimental 2H NMR quadrupolar echo 
spectra, and (right column) spectra simulated assuming rotational 
trajectories for the phenylene group of 180o jumps with a 
log-Gauss distribution of activation energies (σ = 2).  

Broadband Dielectric Measurements. Further information 
about the rotational dynamics for polar molecular rotors can 
be obtained by frequency and temperature-dependent dielec-
tric measurements, in which the dipolar rotation provides a 
relaxation mechanism. Figure 7 illustrates the frequency de-
pendence of the real and imaginary parts of the complex die-
lectric for F2BDC MOF in the temperature range of 153 – 203 
K and the frequency range of 10 Hz to 10 MHz.26 Changes in 
the real part of the complex dielectric (ε′) are related to the 
ability of the dipolar rotors in the sample to store electric en-
ergy (capacitance) by responding to changes in the direction of 
the external field. The highest response is observed when the 
frequency of the external AC field is lower than the character-
istic frequency of the rotor. As shown in Figure 7a, an increase 
in temperature from 153 K to 203 K increases the frequency of 
the rotational motion kR and shifts the onset of increased ca-
pacitance to higher AC frequency values, ω. The dotted lines 
in the Figure represent an ideal Debye relaxation behavior 
where ε∞ and εs are the high frequency and static permittivity, 
with dipolar rotors having a single rotational time constant τR 
=1 / kR.  

 
On the other hand, an increase in the magnitude of the imagi-
nary part (εʺ) shown in Figure 7b reflects the ability of the 
material to dissipate energy as the frequency of rotational mo-
tion (kR) and the frequency of the external AC field (ω) ap-
proach each other (ω  = kR).  

 
As expected, an increase in temperature shifts the peak to 
higher frequencies, with each maxima corresponding to the 
dipolar rotational frequency responsible for the corresponding 
Debye relaxation. Considering small deviations in Figure 7 
between the experimental data points and the simple Debye 

model, we decided to explore the more complex Cole-Cole27,28 
and Havrilliak-Negami29 models by plotting the real (ε′) vs. 
imaginary (εʺ) parts of the dielectric constant. In simple terms, 
it is expected that the data from Debye-type materials with a 
single relaxation process at a given temperature will result in a 
perfect semi-circle with deviations observed in the form of 
flattened 

 
Figure 7. Frequency dependence of (a) the real and (b) imagi-
nary parts of the complex dielectric for F2BDC MOF crystals 
in the temperature range of 153 – 203 K.  

 
Figure 8. Cole-Cole plot of the real vs. imaginary part of the 
dielectric constant. 

arcs. A plot of ε′ vs. εʺ at different temperatures in Figure 8 
shows no significant deviations and fits to the Cole-Cole and 
Havriliak-Negami models reveal that the broadening and 
asymmetry parameters are not important – they reduce to the 
simple Debye model. With that in mind, an Arrhenius plot 
constructed with the peak relaxation frequency as a function of 
inverse temperature yields a rotational barrier of 7.1±0.5 
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kcal/mol and a pre-exponential factor of 1.7x1014 s-1 (Figure 
S13), which are in good agreement with those obtained from 
the VT 2H NMR results.  

Computational Analysis. As expected, the activation energy 
of the dipolar F2BDC linker in F2MOF 1 (Ea = 
6.8±0.1kcal/mol) is ca. 2.0 kcal/mol lower than that of the 
non-polar BDC linker (Ea = 8.6±0.5 kcal/mol) in H4MOF 2.14 
Considering that F2MOF 1 and H4MOF 2 are isostructural, 
their different barriers heights must relate to relatively small 
differences that arise from the polar nature of the fluorine at-
oms and steric effects that arise from their slightly larger size 
(1.47 Å for F vs 1.20 Å for H). Hoping to determine the con-
tribution of these factors we set out to analyze the rotational 
potential of F2BDC using computational methods. A priori, it 
seemed reasonable that steric and electrostatic interactions 
between the ortho-difluoro substituents and the carboxylate 
group may destabilize the rotational ground state in the polar 
F2BDC and, as suggested in Figure 1, potentially lead to de-
generate twisted minima.  

The energy scans were carried for a model containing a BDC 
rotator with Zn-paddle wheel clusters at the ends of the corre-
sponding BDC groups. We built the model based on the atom-
ic coordinates available from the F2MOF pillared crystal struc-
ture. As shown in Figure 9 for F2MOF 1 (see Figure S16 for 
H4MOF 2), the structure consists of a central BDC bound to 
two Zn ions at each end. Each Zn dimer is capped with 3 for-
mates and two oppositely disposed ammonia ligands.30 The 
coordinates of the zinc cluster acting as a stator were frozen to 
represent the crystal environment, and only the rotator compo-
nent with the two carboxylate groups were allowed to relax. 
The rotational angle was defined as the dihedral between the 
plane of the two carboxylates and the plane of the aromatic 
BDC ring, which varied from coplanar (0o, Figure S16a) to 
orthogonal (90o, Figure S16b). The geometries were optimized 
and confirmed to be the global minima at DFT level of theo-
ry.31 The barriers to rotation for F2BDC and BDC rotors were 
calculated to be 5.3 kcal/mol and 10.9 kcal/mol at the B3LYP-
D3/6-311+G(d,p)/LANL2DZ level of theory. These barriers 
are close to the experimental values of 6.8 kcal/mol and 8.6 
kcal/mol for F2MOF 1 and H4MOF 2, respectively.  

The F2BDC rotator was found to have a four-fold symmetric 
potential characterized by two minima at 0±25.3o and 
180±25.3o connected by small maxima that are consistent with 
a perturbation of the coplanar ground state. Two rotational 
transition states were identified at 90o and 270o and confirmed 
by re-optimization using the conventional TS search method. 
The dihedral angles between the plane of difluorophenylene 
and the adjacent carbonyl groups were ±5.3o and at ±88.7o, 
corresponding to nearly co-planar and orthogonal transition 
state structures (Figure 10b and 10c). The small deviations 
from 0o and 180o occur in opposite directions for the two car-
boxylates, and similar deviations were observed in analogous 
ground state and TS re-optimizations in the case of H4MOF 2 
(Figure S16), where the corresponding angles are 5.1o and 
88.7o. This observation suggests an explanation for the lower  

 
Figure 9. Potential energy for rotation of H4BDC (black) and 
F2BDC (red) at the B3LYP-D3/6-311+G(d,p)/LANL2DZ level of 
theory.  

 
Figure 10. B3LYP-D3/6-311+G(d,p)/LANL2DZ model for the 
F2BDC in F2MOF 1 with structure (a) representing the tilted 
ground state while structures (b) and (c) represent the planar and 
orthogonal transition states. The following colors represent atoms: 
fluorine=green, oxygen=red, hydrogen=white, carbon=grey, ni-
trogen=blue, zinc=purple. 

barrier for the paddle wheel cluster in H4MOF 2 (8.6 kcal/mol) 
as compared with that in the zinc oxide cluster in IRMOF-1 
(11.3 kcal/mol).32 We propose that the small bending of the 
two carboxylates in opposite directions helps avoid a second 
order saddle point in H4MOF 2, reducing the height of the 
barrier by the observed ca. 3 kcal/mol. The calculated ground 
state distance between O at the carboxylate and F at the phe-
nylene in Figure 10a was 2.68 Å, which is smaller than the 
sum of their van der Waals radii of 2.99 Å (1.52 Å for O and 
1.47 Å for F). Similarly, distance of 2.42 Å between H and O 
atoms on the opposite side of the phenylene ring is shorter 
than the sum of their van der Waals radii of 2.72 Å (1.52 Å for 
O and 1.2 Å for H), which may lead to weak hydrogen bond-
ing. By contrast, the distance between H and O atoms in the 
case of the H4MOF 2 is 2.42 Å (Figure S16). The steric repul-
sion between the fluorine and oxygen atoms should partially 
counteract the stabilization provided by hydrogen bonding and 
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conjugation in the planar species. It is reasonable to conclude 
that the destabilized ground state is responsible for the lower 
rotational barrier. On the other hand, the pre-exponential fac-
tor for rotation can be viewed as an attempt frequency deter-
mined by the torsional mode that described the oscillation of 
the phenylene group with respect to the plane of the two car-
boxylates. The calculated frequencies for rotation in the 
ground state for F2MOF 1 and H4MOF 2 are 24.8 cm-1 and 
40.0 cm-1. These correspond to relatively soft frequencies of 
0.74x1012 s-1 and 1.2x1012 s-1, which are in good agreement 
with the experimental results.  

These computational results are in qualitative agreement with 
experimental observations reported here and elsewhere. For 
example, the reported crystal structure of H4MOF 2 shows the 
phenylene ring coplanar with the two carboxylates as indicated 
by the black line H4BDC potential. While F2MOF 1 is predict-
ed to have coplanar carboxylate and aromatic groups, it has a 
lower barrier than 2, as suggested by the calculations. Similar 
observations have been made with cubic MOFs 
[Zn4O(XBDC)3], where the unsubstituted phenylene is copla-
nar with the carboxylate groups32 while the isoreticular 
BrBDC16 (IRMOF-2) and 2-aminophenylene-1,4-
dicarboxylate (NH2BDC)33 (IRMOF-3) are twisted. The halo-
genated benzaldehydes have rotational barrier that fall with 
7.9±0.2 kcal/mol, while those of halogenated acetophenones 
fall in the narrow range of 5.5±0.2 kcal/mol.34 Furthermore, 
switchable dielectric studies have been reported in plastic 
crystals,35 inclusion compounds with rotating guests36,37 and 
similar amphidynamic MOF systems.38 Notably, dielectric 
relaxation studies of rotatable dipole units were performed in 
Zr-based MOFs (UiO-66(Zr)) with phenylene rotators func-
tionalized with polar -Br, -2OH, and -NH2 groups.38 Switcha-
ble dielectric properties were found in UiO-66(Zr)-Br and 
UiO-66(Zr)-NH2 systems with rotational barriers of 8.1 
kcal/mol and 12.4 kcal/mol, respectively. While the rotational 
barriers of BrBDC in UiO-66(Zr)-Br and IRMOF-2 architec-
tures are in good agreement, the higher rotational barrier of 
NH2BDC in UiO-66(Zr)-NH2 than in IRMOF-3 was attributed 
to stronger hydrogen boding in Zr-based MOFs compared to 
systems with Zn metal nodes. No dielectric response was 
measured in UiO-66(Zr)-2OH material due to symmetric posi-
tion of both -OH groups and thus no overall dipole moment. 
The results from these calculations are consistent with the 
suggestion that rotators with ortho groups have a lower barri-
er, at least in part, as the result of steric and electrostatic de-
stabilization of the co-planar ground state.  

CONCLUSIONS 
We report the synthesis, characterization, and rotational dy-
namics of F2MOF 1 featuring the dipolar 2,3-
difluorophenylene ligand (F2BDC), which was expected to 
have a relatively low barrier as a result of ground state destabi-
lization. We have previously shown that a rotational barrier in 
amphidynamic crystals could be controlled via their structural 
features such as inserting rotators within various axle topolo-
gies or choosing rotators with globular shapes and a high rota-
tional symmetry order. This study establishes a new strategy 
for rotational barrier control via the ground state destabiliza-
tion and showcases the promise of polar phenylenes in the 
design of dipolar rotor arrays where dipole-dipole interactions 
are greater than the structural barriers (EDD >> kT ≥ Ea). The 
pillared structure of F2MOF 1 was confirmed by single crystal 
and powder XRD, which was in good agreement to the ones 

reported for H4MOF 2 and the isostructural analog F4MOF 3. 
The rotational dynamics of the F2BDC linker studied by VT 
quadrupolar echo 2H NMR and dielectric spectroscopy re-
vealed an activation energy Ea = 6.8±0.1 kcal/mol and Ea = 7.1 
± 0.5 kcal/mol that is ca. 2 kcal/mol lower than that of H4MOF 
2 (8.6±0.5 kcal/mol). Dielectric response measurements re-
vealed a single relaxation Debye-type behavior as a result of 
the rotational behavior of the dipolar F2BDC linker. Potential 
energy calculations at different rotation angles at the B3LYP-
D3/6-311+G(d,p)/LANL2DZ level of theory confirmed the 
expected destabilization of the ground state in F2MOF 1 and 
matched the experiment reasonably well with barrier of 5.3 
kcal/mol. A pre-exponential factor A = 5.4x1012 s-1 obtained 
from the experiment was also approximated well by the calcu-
lated frequency of the torsional mode determined by the plane 
of the difluorophenylene rotator with respect to the framework 
carboxylates (0.74x1012 s-1). Given the growing interest in 
understanding the main principles in molecular machine de-
sign through a structure-energy relationship, this study shows 
progress toward the engineering of polar rotators with a low 
barrier in the crystalline solid state.  
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