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We present a systematic computational study which provides a plausible route to control the rotation of
organic linkers in isoreticular metal-organic frameworks (IRMOF) by using an external electric field in order
to manipulate the diffusion of molecules in nanopores. We achieve this by halogenating the organic linkers
of IRMOF-1 and IRMOF-7 to create permanent dipole moments on the linkers, hence making them re-
sponsive to changes in the strength and direction of an electric field. More importantly we show that by
varying the ligand size and the halogen type, number and substitution positions, the strength of the electric
field required to control the rotation of linkers can be reduced significantly. Cl substitution is most effective
in making the organic linkers electric field responsive since a greater dipole moment is created compared
to those obtained by F or Br substitution. Cl substitution of a larger organic linker, ie. 14-
naphthalenedicarboxylate (IRMOF-7) rather than 1,4-benzenedicarboxylate (IRMOF-1), results in a greater
dipole moment and reduces the electric field strength required for the rotation of the ligand. Furthermore,
double Cl substitution and the optimization of the Cl substitution positions enable controlled rotation of
the IRMOF-7 linkers with an electric field strength as low as 0.5 V nm™. Finally, using the electric field in-
duced rotation of organic linkers we show that it is possible to enhance the diffusion of methane mole-
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cules in a chosen direction while limiting their mobility in other directions. Our study hints at the potential

rsc.li/molecular-engineering of using MOFs for flow control in nanofluidic systems.

Design, System, Application

The manipulation and control of fluid behavior at the nanoscale are of great importance for nanofluidic devices. Metal-organic frameworks (MOFs) are
nanoporous crystalline materials in which inorganic metal nodes are linked by organic ligands. These bridging ligands are known to exhibit random
rotations. In this study we use an external electric field to rotate the MOF organic linkers in a controlled way so that they can be used as molecular gates to
manipulate the diffusion of molecules in nanopore space. For this we computationally design ligands which possess a permanent dipole moment. We
optimize the ligand chemical functionality and size to maximize the ligand's permanent dipole moment as well as the ability to close or open a pore space.
Our study lays the foundation for using MOF materials to control fluid flow in nanofluidic devices based on an electric field induced molecular gating
mechanism.

Introduction light absorption, have gained much attention because of the
opportunities they offer for developing dynamic and smart
systems for different applications.”*" Recent studies have
shown that it is possible to use an external electric field (E-
field) as a stimulus to induce structural changes in
MOFs."”™ In a molecular simulation study carried out by
our research group, Tam et al.'® designed molecular gates
mounted on open metal coordination sites in Mg-MOF-74
(also known as Mg/DOBDC or Mg-CPO-27) which can be op-
ened and closed with an E-field. Further, Ghoufi et al.'*> dem-
onstrated by means of molecular dynamics (MD) simulations

Metal-organic frameworks (MOFs) are an emerging class of
material and they have been demonstrated for a variety of ap-
plications including gas separation and storage, water purifi-
cation, chemical sensing, -catalysis, drug delivery and
imaging."® Stimuli responsive MOFs, which undergo physi-
cal or chemical changes under an external stimulus, such as
temperature, guest adsorption, pressure, magnetic field and

Department of Chemical Engineering, University College London, Torrington
Place, London, WC1E 7JE, UK. E-mail: ozgur.yazaydin@ucl.ac.uk

 Electronic supplementary information (ESI) available: Results from dipole mo-
ment calculations, rotational dihedral angle distributions, MSD profiles of meth-
ane and snapshots from simulations. See DOI: 10.1039/c8me00030a

This journal is © The Royal Society of Chemistry 2018

that switching on and off of an E-field can be used to induce
the well-known breathing behavior of MIL-53(Cr). Finally, a
combined experimental and theoretical study showed that
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E-field can be used to enhance the molecular sieving capabil-
ity of ZIF-8 by initiating reversible phase transitions.**

The manipulation and control of fluid flow at the nanoscale
are of great importance for nanofluidic devices.””™® As the
stimuli responsive porous materials change their structure and
dynamics, molecules exhibit anisotropic diffusion through
their channels.'>? Such characteristics can be taken advantage
to enable flow control at the molecular scale. Studies which fo-
cus on flow control in nanoporous materials have so far been
limited to polymer grafted Si substrates and model
nanopores,”** however, to the best of our knowledge there
have been no studies on nanoscale flow control in MOFs.

In this study we computationally demonstrate how an
E-field can be used to control and stabilize the rotation of
functionalized ligands in MOFs in order to enhance or restrict
the diffusion of molecules within the pores in a particular di-
rection. Previous studies have focused on the characterization
and control of the rotor behavior, i.e. continuous rotation, of
organic linkers in MOFs.”® For instance, Burtch et al®” ex-
plored the dynamic nanorotor behavior of the 1,4 diaza-
bicyclo[2.2.2]octane (DABCO) ligand in Zn-DMOF in a joint ex-
perimental and computational study. They showed that the
frequency of the rotation of DABCO around its N-N axis
depended on the water loading in the system Winston et al.*®
confirmed the rotation of the bromo-p-phenylene linker in
IRMOF-2 under oscillating E-field and characterized its rota-
tional barrier with dielectric spectroscopy as well as with den-
sity functional theory (DFT) calculations. Bracco et al.*® eluci-
dated the dynamics of rod-like struts featuring ultrafast
molecular rotors in microporous Zn-BPEB (1,4-bis(1H-pyrazol-
4-ylethynyl)benzene) MOF as a function of CO, loading using
*H NMR spectroscopy. Moreau et al.*® synthesized isoreticular
octacarboxylate MOFs and investigated the dynamics of the
mobile phenyl groups by variable-temperature *H solid-state
NMR spectroscopy to reveal their rotation mechanism. Inukai
et al.*" used solid solution approach to prepare rotors in po-
rous coordination polymers and controlled the rotational fre-
quency of the rotor by adjusting the solid-solution ratio. Here
we show that the rotation of the isoreticular MOFs (IRMOFs)
ligands can be controlled by creating permanent dipole mo-
ments on their ligands via halogen functionalization and
making them E-field responsive. Syntheses of several haloge-
nated MOFs have been reported in literature.>*** We consid-
ered IRMOF-1 and IRMOF-7 for functionalization®> which
both have Zn,O metal nodes. The bridging ligand in IRMOF-1
is  1,4-benzenedicarboxylate and in IRMOF-7 14-
naphthalenedicarboxylate. We used DFT calculations and MD
simulations to model and quantify the control of ligand rota-
tion in halogenated IRMOF-1 and IRMOF-7 under an E-field
for the purpose of restricting or enhancing the flow of mole-
cules in the pores. We further provided insights in to the fac-
tors affecting the design of E-field responsive MOFs by haloge-
nation of ligands, such as halogen type, number and
substitution location, as well as, the size of the ligand. Our re-
sults show that the mobility of molecules within the pores of
the MOFs studied can be enhanced or restricted in a revers-
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ible manner by controlled rotation of organic linkers under
the effect of an E-field, hence indicating the possibility of
using MOFs for nanofluidic systems.

Methodology
DFT calculations

Periodic plane-wave DFT calculations were carried out in or-
der to optimize the structures of halogenated IRMOFs which
were obtained by substituting H atoms with Cl, F, and Br. In-
deed, the Br functionalized IRMOF-1 experimentally exists
and is named IRMOF-2.>> All periodic DFT calculations were
performed with the CASTEP 17.2 software®® using the PBE
functional®” with dispersion corrections derived by
Tkatchenko and Scheffler (DFT-D2).>® The ultrasoft pseudo-
potentials were used with an energy cut-off of 550 eV. Partial
atomic charges, which were required for MD simulations,
were fit to the DFT generated periodic electrostatic potential
of the optimized structures using the REPEAT method.* To
compute the dipole moment of the different halogenated
linkers, cluster based DFT calculations were carried out at
the PBE level of theory with 6-31G(d,p) basis set using the
Gaussian09 software.*’

MD simulations

MD simulations in the NPT ensemble were performed for
halogenated IRMOF-1 and IRMOF-7 structures in order to
quantify the rotation of ligands with or without the presence
of an E-field, as well as, to compute the diffusion of methane
molecules, again, with or without the presence of an E-field.
The DFT optimized structures of halogenated IRMOFs were
used as initial input in the MD simulations. For MD simula-
tions which included methane molecules, Monte Carlo simu-
lations in the grand canonical ensemble (GCMC) were carried
out using the RASPA molecular simulation package to load
the IRMOF structures with methane molecules. The ligand
rotation was characterized by monitoring the dihedral angle
which included the carbon and the oxygen of the carboxyl
group and the two phenyl carbons as illustrated in Fig. 1a,
which we will refer as the “rotational dihedral angle” in the
rest of the manuscript. Indeed this angle corresponds to the
angle between the geometrical planes on which the carboxyl
and phenyls groups lie (Fig. 1b).

® ©

Fig. 1 (a) The dihedral angle formed by O2, C1, C2 and C3 atoms was
used for quantifying ligand rotation in IRMOF-1 and 7, (b) side view of
the rotational dihedral angle and (c) halogen functionalized IRMOF-1 li-
gand. O, H C and Br atoms are shown with red, white cyan and green
colors, respectively.

This journal is © The Royal Society of Chemistry 2018
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MD simulations were performed at temperatures of 100 and
300 K and at 1 atm pressure using the LAMMPS MD simulation
package.”’ Temperature and pressure were maintained using a
Nose-Hoover thermostat and barostat. A 1 fs time step was
used to integrate the Newton's equation of motion. Atomic tra-
jectories were recorded every 1 ps. Ewald summation was used
to compute the long range electrostatic interactions and the
Lennard-Jones (L]) potential was used to represent the short
range van der Waals interactions. Cut-off distance for the L] po-
tential and the real part of the Ewald summation was set to 12
A. The E-field strength varied from 0.5 to 8 V nm * and always
applied in the x-direction unless otherwise stated. The IRMOFs
considered in this study were modelled using the fully flexible
force-field developed by Dubbeldam et al,*> and the missing
terms for the bonds, angles and dihedrals which included halo-
gen atoms were taken from the UFF*® force field. Methane was
modelled as a united atom using the TraPPE force field.** The
mean squared displacement of methane in x, y and z directions
were calculated using the equation given below

MSD(0)= (435 () (0} )

where MSD(¢) is the mean square displacement of the molecule
at time ¢, N is total number of molecules, r,(t) and r{t,) are the
x, y or z coordinate of the molecule at time ¢ and ¢,, respectively.

Results and discussion

For an E-field to create torque on a ligand and rotate it, the
dipole moment vector of the ligand must make an angle with
the direction of the E-field. This can easily be contemplated
using the equation below;

#(6) = |p||E(®)| sin (6) @)

where 6, 1(6), |p|, and |E(f)| are the angle between the applied
E-field direction and dipole vector, torque, magnitude of di-
pole moment and magnitude of E-field, respectively. Based
on this equation, when the angle between the E-field and di-
pole vector is zero the torque exerted is zero (i.e. ligand does
not rotate). On the other hand when the angle is 90° maxi-
mum amount of torque is produced. In practical terms, for a
halogenated IRMOF ligand to rotate under an E-field, the li-
gand axis, ie. the line that connects the carboxyl carbons,
must not be in the direction of the E-field. That is, under an
E-field applied in the x-direction, only 8 of the 12 IRMOF li-
gands, ie. the ligands whose axis are in the y and z direc-
tions, rotate. On the other hand, the ligands whose axes are
in the x-direction are expected to show negligible rotation
and thus ignored in the results shown below.

The effect of halogen type

In order to investigate the effect of the halogen type on the
rotation of the ligands under E-field, MD simulations were

This journal is © The Royal Society of Chemistry 2018
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performed at 100 K for IRMOF-1 structures whose ligands
were functionalized with a single Cl, F, and Br (Fig. 1c). The
initial choice of 100 K was intended for limiting the effect of
thermal fluctuations on the rotation of the ligands. MD simu-
lations started with no E-field and at the end of 10 ns E-field
was applied with strengths varying from 2 to 8 V nm™". Only
when the E-field applied was 8 V nm™ rotation of ligands
was observed. Fig. 2 shows the distribution of the rotational
dihedral angle of the ligands with and without E-field (8 V
nm') applied. The distribution for IRMOF-1-Br shows that
the ligand rotates about 13° after the E-field is turned on as
indicated by the separate peaks (Fig. 2a). Further, there is a
small overlap between the distributions obtained with and
without E-field. Fig. 2b shows the rotational dihedral angle
distribution for IRMOF-1-F with and without E-field. The li-
gand rotation is about 20° after the E-field is applied and the
overlap between the distributions is negligible. Finally, in
IRMOF-1-Cl the ligands rotate about 25° after applying the
E-field and the distributions are distinct, there is no overlap
between them at all (Fig. 2¢). The rotation of the ligands after
applying the E-field is the largest in IRMOF-1-Cl followed by
that of for IRMOF-1-F and IRMOF-1-Br. To elucidate the rea-
son behind larger ligand rotation in IRMOF-1-Cl under E-
field, dipole moments of the IRMOF-1 ligands functionalized
with a single CI, F and Br were compared using DFT calcula-
tions based on a cluster model shown in Fig. 3. The com-
puted dipole moments are 1.1324, 1.0771 and 0.3321 D for
IRMOF-1-Cl, -F and -Br, respectively. Their magnitude and the
relative difference between them clearly correlate with the ro-
tation of the ligands. These results show that CI
functionalization creates the highest dipole moment and this
helps the ligand rotate with a larger angle when an E-field is
applied on the system. Based on these results Cl functional-
ized ligands were used in the rest of this study.

The effect of temperature

The behavior of the ligand rotation at room temperature is very
important considering that any nanofluidic application is likely
to happen at or near room temperature. However, at higher
temperatures controlling the rotation of the ligand is expected
to be more difficult due to fluctuations caused by the increased
thermal energy. To study this effect, MD simulations of IRMOF-
1-Cl were performed at 300 K using a 8 V nm™" E-field and rota-
tional dihedral angle distributions obtained are compared with
those obtained at 100 K (Fig. 4). At 100 K (Fig. 4a), the distribu-
tions and the distinct peaks show that, both before and after
the E-field applied (i.e. after the ligand rotated), rotational fluc-
tuations are less compared to those observed at 300 K (Fig. 4b),
where the distributions overlap with no distinct peaks ob-
served. That is, after applying E-field at 300 K the IRMOF-1-Cl li-
gands rotate but they are not stable, i.e. large fluctuations.

The effect of ligand size

In order to reduce rotational fluctuations and achieve stable
orientation for ligands after rotation under the E-field at

Mol. Syst. Des. Eng., 2018, 3, 951-958 | 953
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Fig. 2 Distribution of the rotational dihedral angle of the ligands in (a) IRMOF-1-Br, (b) IRMOF-1-F and (c) IRMOF-1-Cl at 100 K with and without

E-field (8 V nm™).

room temperature, another IRMOF structure with a larger li-
gand, IRMOF-7, was considered. Besides, the IRMOF-1 ligand
is too small to hinder the passage of molecules in the pores.
Therefore, IRMOF-7 is expected to give more control over the
rotation of the ligand as well as enable the opening and clos-
ing of the pore. IRMOF-7 exhibits two conformational iso-
mers with coplanar and orthogonal carboxylate planes. This
phenomenon was investigated in detail by Amirjalayer et al.*®
In this study the orthogonal structure was considered. With
the IRMOF-7 ligand, again CI functionalization resulted in di-
pole moments in comparison to F and Br functionalized li-
gands (see Table S1f) for the model IRMOF-7 cluster shown
in Fig. 5. In order to test the rotational stability of the
IRMOF-7-Cl ligands at room temperature, MD simulations
were conducted at 300 K with and without an E-field (5 V
nm™'). Rotational dihedral angles of Cl functionalized
IRMOF-7 ligands were again quantified using the same atoms
shown in Fig. 1a. The distribution of rotational dihedral an-
gles of the IRMOF-7-Cl ligands and their mean value as a
function of MD simulation time are shown in Fig. 6.

The  distribution obtained without the  E-field
(Fig. 6a, black line) peaks around 60° and 125° with roughly
equal probabilities. This indicates that the ligands fluctuate be-
tween these two orientations due to the thermal energy at 300
K. This is also apparent from the mean value of the rotational
dihedral angle shown in Fig. 6b (black line) as a function of MD
simulations time. In contrast after the E-field is turned on the li-
gand in Fig. 6a (red line) and remains in a stable orientation
during the rest of the MD simulation (Fig. 6b, red line). Indeed,

Replaced with halogen

Fig. 3 Model IRMOF-1 cluster considered for dipole moment calcula-
tions with two metal nodes and a bridging ligand. The carbons of the
carboxyl groups were terminated with hydrogens. Atom colors are
same as per Fig. 1.

954 | Mol Syst Des. Eng., 2018, 3, 951-958

these results show that using a larger ligand reduces the rota-
tional fluctuations of the Cl functionalized ligands at room tem-
perature under E-field. More importantly, using a larger ligand
enables rotation of the ligand at a lower E-field strength and
provides the opportunity to block or allow access to the pores of
IRMOF-7. Double functionalization of IRMOF-7 ligand with Cl
was considered because an increase in number of Cl substitu-
tions is anticipated to increase the dipole moment and enable
rotation of the ligand at lower E-field strengths. As the IRMOF-7
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Fig. 4 Distribution of rotational dihedral angles of ligands in IRMOF-1-
Cl at a) 100 K and b) 300 K with and without E-field (8 V nm™).
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Fig. 5 Model IRMOF-7 cluster considered for dipole moment calcula-
tions with two metal nodes and a bridging ligand. The carbons of the
carboxyl groups were terminated with hydrogens. Cl substitution,
shown by the green atom, gave the largest dipole.

ligand is large there are many possible combinations for Cl
substitution.

The effect of double halogenation

To screen these combinations DFT calculations were carried
out using the cluster model shown in Fig. 7. Computed di-
pole moments for the different combinations of Cl substitu-
tions are compared in Table 1. Among these, three combina-
tions which gave the highest dipole moments, CRO-CR1,
CR2-CR2p and CRO-CROp, were chosen for MD simulations
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Fig. 6 a) Distribution of rotational dihedral angle of IRMOF-7-Cl li-
gands and b) their mean values as a function of time at 300 K with and
without E-field (5 V hm™).

This journal is © The Royal Society of Chemistry 2018

Fig. 7 Model IRMOF-7 cluster with two metal nodes and a bridging li-
gand considered for dipole moment calculations of double Cl substitu-
tion. The carbons of the carboxyl groups were terminated with hydro-
gens. Atom colors are as per Fig. 1.

at 300 K to explore their rotational behavior under 2 V nm™
E-field, which is less than the one applied in the case of
CRO-CROp substituted IRMOF-7-Cl, structures are compared
in Fig. 8. The results are very interesting. Both CR2-CR2p
and CRO-CROp substituted IRMOF-7-Cl, ligands rotate by
about single Cl functionalized IRMOF-7 ligands (Fig. 6).Dis-
tribution of the rotational dihedral angles of CRO-CR1, CR2-
CR2p and 90° after the E-field is applied (Fig. 8a and b)
which proves that increasing the dipole moment of the li-
gand by a second ClI substitution indeed reduces the E-field
strength required for rotation. On the other hand, despite
having the highest dipole moment, CRO-CR1 substituted
IRMOF-7-Cl, ligands show only around 20° rotation under
the E-field (Fig. 8c). This is because the CR0O and CR1 substi-
tution sites are located on opposite sides of the ligand axis
and therefore dipole moment vector created does not contrib-
ute rotation around the axis of the ligand as much as it does
for the cases in CR2-CR2p and CRO-CROp substituted
IRMOF-7-Cl,. Finally, MD simulations carried out with CRO-
CROp and CR2-CR2p substituted IRMOF-7-Cl, structures at
300 K and applying a 1 V nm ™" E-field show that the rotation
of the ligands in this case was around 90° and 15°, respec-
tively (Fig. S11). It is apparent that 1 V nm ™" is not sufficient
to rotate the CR2-CR2p substituted IRMOF-7-Cl, ligand. In
case of CRO-CROp substituted IRMOF-7-Cl, ligand; however,
the CI atoms and the carboxylate O atoms are closer to each
other compared to the case in CR2-CR2p substituted IRMOF-
7-Cl,. Therefore, the steric and electrostatic repulsion be-
tween the Cl and the O atoms in the CRO-CROp substituted

Table 1 Dipole moments of double Cl substituted IRMOF-7 ligands with
different substitution locations as shown in Fig. 7

Positions of Cl substitutions Dipole moment (D)

CRO-CROp 2.4763
CR1-CR1p 0.4706
CR2-CR2p 2.5904
CRO-CR1 2.9346
CRO-CR1p 2.1622
CRO-CR2 1.1744
CRO-CR2p 0.6518
CR1-CR2 2.4637
CR1-CR2p 1.4615

Mol. Syst. Des. Eng., 2018, 3, 951-958 | 955
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Fig. 8 Rotational dihedral angle distributions of (a) CR2-CR2p (b) CRO-CROp and (c) CRO-CR1 substituted IRMOF-7-Cl;, structures at 300 K under

E-field (2 V nm™).

IRMOF-7-Cl, help the ligands rotate, requiring a lower E-field
strength for rotation. We further show that the CRO-CROp
substituted IRMOF-7-Cl, can be rotated by 90° even at 0.5 V
nm™" E-field strength (Fig. S21).

It should be noted that though if the IRMOF-7 isomer
with the coplanar carboxylate planes were used in our simu-
lations the E-field required for rotating the ligands would
have been different.

Controlling the direction of flow

To demonstrate control of fluid flow by rotating MOF ligands
under an E-field, methane molecules were loaded in to CRO-
CROp substituted IRMOF-7-Cl,, by carrying out a GCMC simu-
lation at 300 K and 20 atm. This was then followed by MD
simulations conducted with and without the presence of an
E-field (2 V nm™). To study the dynamic behaviour of meth-
ane within the pores of CRO-CROp substituted IRMOF-7-Cl,
MSD for the methane molecules has been calculated in x, y
and z directions separately before and after the E-field ap-
plied and compared in Fig. 9. When no E-field applied, MSD
of the methane molecules in the x, y and z-directions are al-
most same (Fig. 9a). This shows that the diffusion is roughly
uniform in all three directions. On the other hand, after ap-
plying the E-field, MSD of methane molecules increase in the
x-direction, decrease in the y direction and do not change in
the z-direction (Fig. 9b). These observations can be explained
by comparing the snapshots obtained before and after the
E-field applied (Fig. 10, S3 and S4t). The mobility of the mol-
ecules in the x-direction increases because after the E-field is
applied ligands which were initially restricting the diffusion
of methane in the x-direction (Fig. 10a) rotate by about 90°
and allow a clear diffusion path (Fig. 10b). On the other
hand, rotation of the ligands after the E-field is applied
largely blocks the path of methane molecules in the y direc-
tion (Fig. S3f). More interestingly, the mobility of methane
molecules in the z-directions does not show any appreciable
change despite the rotation of ligands. A close look up to the
snapshots (Fig. S47) reveal that ligands initially restricting
the methane diffusion of methane in the z direction rotate by
90°, but then this effect is neutralized by the rotation of other
set of ligands to now hinder the diffusion of methane mole-

956 | Mol Syst. Des. Eng., 2018, 3, 951-958

cules. Finally, the enhancement of the diffusion of the mole-
cules in the x direction is fully reversible. As shown in Fig.
S5,7 by applying an electric field in the y direction the ligands
can be rotated back by 90°, to their original positions and
the MSD in the x direction is restored to its previous value.
Indeed, controlled rotation of MOF ligands under an E-field
to direct the flow of molecules resonate with the molecular
traffic control concept proposed in nanoporous materials

and may be used for achieving similar effects.**™*°
8000
(a) -
L — x-direction
— y-direction
6000+ — z-direction
o i
=
A 4000
w
= L
20001
" 1 . 1 . 1 . 1 .
% 2 4 6 g 10
Time (fs)
8000
(®) L
L — x-direction
— y-direction
6000} — z-direction
<
A 4000
w
b= L
20001
n 1 L | L | f | L
% 2 4 6 g 10
Time (ns)

Fig. 9 MSD profiles for methane in methane filled CRO-CROp

substituted IRMOF-7-CI2 (a) without E-field and (b) with E-field (2 V
-1

nm™).
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Fig. 10 Snapshots of CRO-CROp substituted IRMOF-7-Cl, in the
x-direction obtained from methane diffusion simulations (a) before and
(b) after the E-field (2 V nm™) is applied. Methane molecules are not
shown for clarity.

Conclusions

We computationally designed E-field responsive MOFs by
halogenating the organic ligands in IRMOF-1 and 7 in order
to enhance or restrict the diffusion of molecules. This was
achieved by controlled rotation of the ligands under the ef-
fect of an E-field. The Cl functionalized ligands in IRMOF-1
exhibited around 25° rotation in MD simulations conducted
at 100 K and under 8 V nm™" E-field, which was larger than
the rotation observed for F and Br functionalized ligands.
This was corroborated using DFT computed dipole mo-
ments for Cl, F and Br functionalized ligands which showed
that Cl functionalization yielded a greater dipole moment.
Cl functionalization of IRMOF-7 ligands, which are larger
than those in IRMOF-1, proved to be a very good strategy
for controlled rotation of ligands under an E-field. Using
larger ligands not only reduced the rotational fluctuations
and allowed stable ligand orientation after the E-field ap-
plied at room temperature but also provided the opportu-
nity to hinder the diffusion of molecules in a certain direc-
tion. DFT computed dipole moments and MD simulation
results confirmed that double Cl functionalization and the
optimization of the CI substitution locations in IRMOF-7 li-
gands reduced the E-field strength required to rotate the li-
gand to as low as 0.5 V nm'. The optimized substitution
locations of Cl functionalization were found to be the hy-
drogens closest to the O atoms of the carboxylate group.
This is because the steric and the electrostatic repulsion be-
tween the Cl atoms of the ligand and the O atoms helped
the ligands rotate. The computed MSD profiles for the
methane molecules in the CRO-CRO substituted IRMOF-7-Cl,,
confirmed the flow enhancement in applied E-field direc-
tion and flow restriction in other directions. The rotation of
the ligands induced by the E-field and the consequent en-
hancement of the methane diffusion were shown to be re-
versible by changing the direction of the E-field applied. For
nanofluidic applications the control of fluid behavior is of
paramount importance. Our study reveals the possibility of
using MOF materials to control fluid flow without using me-
chanical parts in nanofluidic devices based on an E-field in-
duced molecular gating mechanism.
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