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Abstract A new force field that can describe the flexibility
of Cu-BTC metal-organic framework (MOF) was devel-
oped in this work. Part of the parameters were obtained
using density functional theory calculations, and the others
were taken from other force fields. The new force field
could reproduce well the experimental crystal structure,
negative thermal expansion, vibrational properties as well
as adsorption behavior in Cu-BTC. In addition, the bulk
modulus of Cu-BTC was predicted using the new force
field. We believe the new force field is useful in
understanding the structure-property relationships for
MOFs, and the approach can be extended to other MOFs.
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Introduction

Metal-organic frameworks (MOFs) have been recognized
as a new family of nanoporous materials with a wide range
of possible applications in gas storage, sensing, separation
and catalysis, etc. [1-3]. Molecular modeling is a powerful
tool to predict properties (such as molecular diffusion and
adsorption) and provide insights into the molecular level
details of the underlying mechanisms, which could guide
the future rational design and synthesis of tailored MOF
materials.
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Extensive molecular simulations have been performed
on the adsorption and diffusion of gases in MOFs [4-10].
However, most of them use rigid frameworks with the
framework atoms in MOFs fixed in their experimentally
determined crystallographic positions, and the standard
force fields such as UFF [11], Dreiding [12], OPLS [13],
and CVFF [14] were used. Since MOFs are flexible and
may exhibit substantial changes in unit cell volume upon
external stimulus such as temperature and guest molecules
[15—17], force fields that can describe the dynamic behavior
of MOFs are highly needed.

Up to date, several flexible force fields have been
proposed for MOFs. Greathouse and Allendorf suggested
a nonbonded force field for MOF-5 (also known as
IRMOF-1). The mechanism of MOF-5 collapses upon
water adsorption was studied [18], and the force field also
correctly predicted a wide range of structural properties of
this MOF, such as the negative thermal expansion property
(NTE), elastic moduli and vibrational power spectra [19]. A
similar strategy has been adopted by Dubbeldam et al., and
NTE behavior of MOF-5 was reproduced very well using
their extended force field [20]. Based on density functional
theory (DFT) calculations and experimental data, Huang et
al. developed a force field for MOF-5, and calculated the
phonon thermal conductivity and vibrational power spectra
[21]. Tafipolsky et al., on the other hand, parameterized the
MM3 force field for MOF-5 based on DFT calculations
[22]. The fully bonded model not only predicts the MOF-5
structure in agreement with the experimental value, but also
reproduces quite well the self-diffusivity of benzene in
MOF-5 as compared with rigid framework [23]. More
recently, a new bonded force field was developed by Salles
et al., which can describe the evolution of the unit cell
volume of MIL-53(Cr) in good agreement with the
experimental data [24].
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To date, most flexible force fields were developed for
MOF-5, and there is no such force field available for Cu-
BTC (Cus(BTC), with BTC=benzene-1,3,5-tricarboxylate),
one of the two most well-studied MOFs other than MOF-5.
Cu-BTC was first reported by Chui et al. (Fig. 1a) [25], and
has been widely studied for gas adsorption and diffusion
[8, 26, 27]; it has a pocket/channel structure, which is more
complex than MOF-5. Up to now, all the simulations were
performed for rigid Cu-BTC frameworks using standard
force fields. So, a new force field that can describe the
flexibility of Cu-BTC was first developed in this work. In
our force field, angle bending parameters around Cu were
obtained using DFT calculations, with the other parameters
taken from other force fields and some of them were
adjusted slightly if necessary. The new force field was used

Fig. 1 (a) Unit cell structure of Cu-BTC; (b) The cluster for the DFT
calculations and atom types
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to calculate the crystal structure, NTE, vibrational proper-
ties as well as adsorption behavior in Cu-BTC and
compared with experimental results. In addition, the bulk
modulus of Cu-BTC was predicted using the new force
field.

Computational details
DFT calculation

DFT calculations were employed to parameterize angle
bending parameters around Cu. The model cluster of Cu-
BTC used for DFT calculations is shown in Fig. 1b. It was
fully optimized by DFT calculations using the unrestricted
B3LYP functional. To determine the appropriate basis set,
apart from two uniform basis sets 6-311G(d,p) and
6-311+G(d,p), two tailor-made basis sets were also adop-
ted: the basis set LANL2DZ was used for atoms Cu,
together with the 6-31G(d, p) basis set (Mixed I) or 6—
311G(d,p) basis set (Mixed II) for the C, O and H atoms
and the multiplicity is 3. The optimized structures were
compared with experimental data, as shown in Table 1. It
may be concluded that the basis set 6-311G(d,p) is the
most suitable one that gives the smallest sum of squares
error. Therefore, this basis set was adopted in our DFT
calculations. In order to accurately calculate low vibrational
modes, we used a more tight convergence criterion and a
finer grid for the integration. All the quantum-mechanic
calculations have been preformed with the Gaussian03
program suite [28].

MD simulation

To develop and check the force field for the dynamic Cu-
BTC framework, molecular dynamics (MD) simulations in
the NPT ensemble were performed to calculate its crystal
structural properties. During the simulations, we maintained
the pressure at 0.1 MPa and symmetry constraints were
removed to make each lattice parameter vary independently.
The Nose Hoover thermostat and barostat were used to
maintain the temperature and pressure with the optimal

Table 1 Comparison of the predicted bond distances with experi-
mental data [25]

Basis sets Cu-01 O-Cl1 Cl-C2 (C2-C3 s*(107)
6-311G(d,p) 1.950 1270 1.491 1399 025
6-311+G(d,p)  1.973 1.27 1.495 1399 034
Mixed I 1.973 1274 1495 1.402 045
Mixed II 1.982 1269  1.494 1399  0.44
Experiment 1.952 1.252 1.500 1.397
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relaxation times 0.1 and 1.0 ps, respectively. Short-range
and bonded energy terms were calculated every 0.5 fs, with
a cutoff distance of 12 A, and long-range electrostatic terms
were calculated every 1 fs using an efficient particle-
particle particle-mesh solver (pppm) [29]. The simulation
system consisted of one unit cell of Cu-BTC containing 624
atoms and was equilibrated for 200 ps at 293 K followed by
a 1000 ps for production. Test simulations using 2x2x2
unit cells and longer time simulation (10 ns) gave
equivalent results, but were deemed too expensive for the
computational cost. Thermal expansion data were also
obtained from a series of NPT simulations between 50
and 500 K, where the framework of Cu-BTC has been
indicated to be stable by the experiment [25]. At each
temperature, the system was equilibrated for 200 ps, and
then sampled in another 1000 ps. The error bars of the
lattice parameters were estimated by averaging the standard
errors of 10 trajectories. Furthermore, to compare with the
available experimental data for the vibrational frequencies,
NVE simulation with the length of 40 ps was also
performed on the equilibrated structure of Cu-BTC
obtained above at 298 K. Atomic velocities were collected
every 4 fs, a power spectrum was produced by a Fourier
transform of the velocity autocorrelation function produces.
The relation between energy and volume was obtained from
a series of 1 ns NVT simulations at 300 K. In these
simulations the isotropic lattice parameter was increased
from 26.075 to 26.575 A. All the MD simulations
performed in this work were carried out using LAMMPS
software package [30].

Hybrid grand canonical Monte Carlo simulation

The adsorption behavior of CO, in MOFs was calculated
by hybrid grand canonical Monte Carlo (H-GCMC)
simulations. In this simulation, the usual GCMC moves
of translation, rotation, insertion and deletion trials were
used for the adsorbate molecules. In addition, to describe
the framework flexibilities of MOFs on gas adsorption,
three additional moves were adopted, i.e., framework atom
translation, volume change as well as hybrid Monte Carlo
(HMC). In the HMC move, the unit cell is isotropically
scaled and kept orthorhombic. A small NVE MD simula-
tion with Velocity-Verlet algorithm was employed. The
initial velocities of the framework atoms and adsorbate
molecules were randomly sampled from a Maxwell-
Boltzmann distribution, and the system was integrated
using time step 0.5 fs for 5 MD steps to obtain a new
configuration. Details of the simulation method can be
found in the work of Dubbeldam et al. [20]. The
simulations were carried out for one unit cell at 298 K.
A cutoff radius of 12 A was applied to the LJ interactions,
and the long-range electrostatic interactions were handled

using the Ewald summation technique. Periodic boundary
conditions were applied in all three dimensions. The
frequencies of all MC moves were 0.15 and their
acceptation rates are listed in Table 2. For each state
point, H-GCMC simulation consisted of 1x107 steps to
guarantee equilibration followed by 2x 10 steps to sample
the desired thermodynamic properties. Test simulations
using 2x2x2 unit cells gave equivalent results, but were
deemed too expensive for the computational cost. The
output of such a simulation is the absolute amount
adsorbed, while in experiments the excess amount
adsorbed is measured. Thus, translation between absolute
and excess amounts is required, and the method can be
found in Ref. [4]

Results and discussion
Force field development

The atom types are shown in Fig. 1b. It should be noted
that O(1) and O(2) are equivalent except in the O-Cu-O
angle types. So we just use O instead of O(1) and O(2) in
bond stretching, dihedral angle, improper torsion and other
angle bending types. The potentials are described by
Egs. 1-5.

iqi O-l” 12 0.1“ 6
-] o
2
fg =2l .
Eangle — Kg(e — 00)2 (3)

Table 2 GCMC statistics for CO, at 0.1 MPa and 298 K

Move Acceptance (%)
Translation in x-direction 52.4058
Translation in y-direction 52.4300
Translation in z-direction 53.2221
Random rotation 50.0836
Regrow 2.6300
Insertion 12.3671
Deletion 12.3923
Volume 50.8589
Hybrid 90.4626
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Etorsions = K(p[l +d cos(n(p)] (4)

Eimp.mr. = Kx[l + dCOS(”X)]; (5)

where ¢ is a charge parameter. € and o are the Lennard-
Jones (LJ) potential parameters for the interactions between
atoms i and j. b, 0, ¢, x and r are bond length, valence
angle, torsion angle, improper torsion angle, and non-
bonded distance, respectively. D, Ky, K, and K, are the
force constants for the corresponding interactions. b, and 6,
are the equilibrium bond length and angle, n is the
periodicity.

First, the non-bonded interaction parameters were
selected. The partial charges were taken from our previous
work [27], and the van der Waals parameters were extracted
from Dreiding force field [12] (Cu from UFF [11]) directly;
the advantage of using Dreiding force field to describe the
interactions between adsorbates and MOFs is that this force
field has been validated many times for its accuracy in
describing the adsorption of gases in various MOFs. Thus,
the new force field can retain the accuracy for gas
adsorption in Cu-BTC. The mixed LJ parameters were
obtained using the geometric mixing rule. Force field
parameters for non-bonded interactions are listed in Table 3.

and oy = \/GiG; (6)

Eij = VEigj

For bonded interactions, they were divided into two
parts: metal-oxide cluster and organic moiety. The metal-
oxide cluster was described by a Cu-O bonded intramolec-
ular term and O-Cu-O and Cu-O-C(1) angle intramolecular
terms. At first, we have tried to use the DFT calculations to
parameterize the harmonic potential for the Cu-O bonds,
but the DFT calculations could not describe the Cu-O bonds
well. So in our force field, we adopted Morse potential for
all the bond stretching. The parameters (D and a) for Cu-O
were taken from the tetra-coordinated copper(Il) amino
acidates force field developed by Kaitner et al. [31]. It
should be pointed out that in the force field developed by
Kaitner et al., the given angle terms (such as O-Cu-N) are

Table 3 Force field parameters for non-bonded interactions

Atom type q (e) € (kcal molfl) o A)
Cu 1.098 0.005 3.114
(6] —0.665 0.096 3.033
C(1) 0.778 0.095 3.473
C(2) —-0.092 0.095 3.473
C@3) -0.014 0.095 3.473
H 0.109 0.015 2.846
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describe by 1-3 interactions while harmonic model for
others. This special treatment of the angle terms can make
our force field difficult to use with the general MD codes.
So, we used the harmonic model for all the angle bending,
and only the O-Cu-O and Cu-O-C(l) angle bending
parameters were obtained based on the DFT calculations.
Vibrational frequency calculations validated that our opti-
mized geometry for the model was a true minimum. We
adopted a similar strategy suggested by Tafipolsky et al.
[22] to parameterize our angle bending model. The Hessian
matrix in Cartesian coordinates was obtained from optimi-
zation and frequency calculations and then it was trans-
formed to a set of force constants in internal coordinates
with the program SHRINK written by Sipachev [32]. At
last only O-Cu-O and Cu-O-C(1) angle bending force
constants were taken from the force constants in internal
coordinates. The intramolecular force constants in organic
moiety (D, a, Ky, K, and K,) were extracted from the
widely used CVFF force field [14].

In addition, two torsion terms Cu-O-C(1)-C(2) and Cu-
0-C(1)-O were also included for interactions between the
metal-oxide cluster and organic part, whose parameters
(K,p) were fitted by us to reproduce the NTE coefficient
[16] with MD simulations. It should be pointed out that
except the force constants and non-bonded parameters
mentioned above, the equilibrium bond distances and
angles (by) and 6,) should also be input in the MD
simulations, so they were taken from the experimental ones
[25]. To examine the influence of the two torsion terms on
the NTE property, calculations were performed with one
parameter fixed while the other one changed. The results
show that both of them have an effect on the flexibility and
the influence is almost the same. So the two parameters
were treated to be identical in our fitting procedure. With all
the other force constants, non-bonded parameters and
equilibrium values fixed, the force constants of the two
torsion terms were adjusted until the NTE coefficient could
be reproduced.

After fixing the force constants of the two torsion terms,
some of the equilibrium bond distances (Cu-O, O-C(1), C
(1)-C(2), C(2)-C(3)) and angles (O(1)-Cu-O(1), O(2)-Cu-O
(2), O(1)-Cu-0(2), Cu-O-C(1), O-C(1)-0, O-C(1)-C(2))
taken from experimental values were modified slightly to
make the simulated bond and angle values better agree with
the corresponding experimental values, as well as the lattice
parameters. Because the equilibrium bond distances and
angles are required to calculate the NTE coefficient, the
refined values were used to calculate the NTE coefficient
again to check the sensitivity. The difference between the
two results is within 3%, so the change is acceptable. Force
field parameters for bonded interactions are listed in Table 4,
in which the original values are given in parentheses for the
refined ones to show the extent of adjustment. In addition,
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Table 4 Force field parameters o .

for bonded interactions Bond type D (kcal mol ) a (AT by (A)
Cu-O 85.769 2.85 1.969(1.952)
0-C(1) 135.00 2.00 1.260(1.252)
C(1)-C(2) 87.84 2.00 1.456(1.500)
C(2)-C(3) 120.0 2.00 1.355(1.397)
C(3)-H 116.0 1.77 0.931
Angle type K (kcal mol ™' rad?) 0y (degree)
O(1)-Cu-O(1) 50.160 170.2(168.2)
0(2)-Cu-0(2) 50.160 170.2(168.2)
O(1)-Cu-0(2) 12.000 90.0(89.1)
Cu-O-C(1) 40.470 127.5(123.0)
O-C(1)-0 145.000 128.5(125.6)
0-C(1)-C(2) 54.495 116.2(117.2)
C(1)-C(2)-C(3) 34.680 119.9
C(3)-C(2)-C(3) 90.000 120.1
C(2)-C(3)-C(2) 90.000 119.9
C(2)-C(3)-H 37.000 120.0
Dihedral type K, (kealmol ') d n
Cu-O-C(1)-C(2) 3.00 -1 2
Cu-0-C(1)-0 3.00 -1 2
C(2)-C(3)-C(2)-C(3) 3.00 -1 2
C(1)-C(2)-C(3)-C(2) 3.00 -1 2
C(1)-C(2)-C(3)-H 3.00 -1 2
C(3)-C(2)-C(3)-H 3.00 -1 2
O-C(1)-C(2)-C(3) 2.50 -1 2
Improper torsion type K, (kcal mol_]) d n
H-C(3)-C(2)-C(2) 0.37 -1 2
C(1)-C(2)-C(3)-C(3) 10.0 -1 2
C(2)-C(1)-0-0 10.0 -1 2

to calculate the adsorption isotherms of CO, in Cu-BTC,
the EPM2 model [33] was used for CO,/CO, and CO,/
material interactions.

Comparison with experimental material properties

The lattice parameter of Cu-BTC at 293 K from the new
force field is 26.324+0.005 A, which is in good agreement
with the experimental value of 26.328 A [16]. The averaged
bond and angle values also agree well with the experimen-
tal ones (Tables 5 and 6) [25]. The force field could

Table 5 Averaged bond lengths (A) for Cu-BTC at 293 K

Bond Simulated Experimental [25]
Cu-O 1.947 1.952
O-C(1) 1.240 1.252
C(1)-C(2) 1.500 1.500
C(2)-C(3) 1.395 1.397
C(3)-H 0.941 0.931

reproduce the bond distances within £0.015 A and angles
within +3°.

The simulated change in the lattice parameter of Cu-
BTC with temperature is shown in Fig. 2. Experimentally,
Wu et al. obtained an average linear coefficient of thermal
expansion @ = (1/Ly)(dL/dT) = —4.1 x 107°K~! from

Table 6 Averaged angles (degree) for Cu-BTC at 293 K

Angle Simulated Experimental [25]
O(1)-Cu-0(1) 168.5 168.2
0(2)-Cu-0(2) 168.5 168.2
0O(1)-Cu-0(2) 86.1 89.1
Cu-0-C(1) 124.1 123.0
0-C(1)-0 126.2 125.6
O-C(1)-C(2) 116.6 117.2
C(1)-C(2)-C(3) 121.3 119.9
C(2)-C(3)-C(2) 121.3 119.9
C(3)-C(2)-C(3) 118.4 120.1
C(2)-C(3)-H 119.1 120.0
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Fig. 2 Temperature dependency of the simulated lattice parameters of
Cu-BTC calculated from MD simulations. Error bars indicate
uncertainties in the simulated lattice parameters

80 to 500 K [16], which agrees quite well with the value of
—4.7x10°K™" obtained in our simulations in this range
from Fig. 2, demonstrating that the new force field
reproduces well this unusual NTE behavior of Cu-BTC.

We further examined the vibrational motion of Cu-BTC
at 298 K. The experimental low-frequency Raman modes
observed on the Cu-BTC reported by Prestipino et al. [34]
provide a basis for comparison. In their work, Prestipino et
al. [34] pointed out that the frequency of 228 cm ' is for
Cu-Cu stretching and our DFT calculated frequency for the
same mode is 240 cm™'; the two values are quite close.
Furthermore, the power spectrum for Cu was computed
with MD simulations using the new force field, and the
corresponding frequency is 234 cm ', quite close to the
experimental value of 228 cm ' [34]. It should be pointed
out that the force field parameters were not refined to match
the vibrational frequency, thus, the calculated result with
the new force field is a predictive one.

Prediction of mechanical properties

As a first step to study the dynamic behavior of Cu-BTC
and compared with another well-studied MOF, MOF-5, we
calculated the bulk modulus (By) using the new force field
by fitting energy-volume results to the equations of state as
follows [35]

2
U =Us+3BoVo[ () =1]
4

B8, —4) () - 1] )
[ 1] e

where U is the potential energy, V, and V are the
equilibrium volume and strained volume, respectively. B,
is bulk modulus and B, is the derivative of the bulk
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Fig. 3 Energy-volume graphs used to obtain the bulk modulus (B)
from MD simulation at 300 K
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Fig. 4 Comparison of rigid and flexible frameworks of CO,
adsorption in (a) Cu-BTC and (b) MOF-5 at 298 K
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modulus with pressure. For the studied crystals the first
four terms are enough to obtain a good fit. Figure 3 shows
that the predicted bulk modulus (B,) of Cu-BTC at 300 K is
35.17 GPa using the new force field, which is much higher
than the simulated result of MOF-5 (4.0 GPa) obtained by
Greathouse and Allendorf [19]. The results show that it is
more difficult to compress Cu-BTC than MOF-5 under
pressuring. On the other hand, Cu-BTC also shows a
smaller NTE coefficient than MOF-5, indicating it also
contracts less than MOF-5 under heating. The two
properties together clearly demonstrate that Cu-BTC is less
flexible than MOF-5.

Prediction of the influences of dynamics of Cu-BTC
framework on CO, adsorption

The adsorption isotherms of CO, in rigid and flexible Cu-
BTC frameworks at 298 K were further calculated, and the
results are shown in Fig. 4. Obviously, the new force field
reproduces well the experimental results of CO, adsorption
[36]. On the other hand, Fig. 4 shows that the effect of
framework flexibility is insignificant for CO, adsorption in
Cu-BTC at 298 K. To make a comparison with MOF-5,
parallel simulations were also performed for MOF-5 with
the flexible force field developed by Dubbeldam et al. [20].
Figure 4 shows that a similar trend was observed for CO,
adsorption in MOF-5. The similar result was recently
demonstrated by Greathouse et at. [37].

It is widely recognized that the flexibility of MOFs has a
more pronounced effects on gas diffusivity as well as the
systems with strong adsorbate/MOF interactions. For
example, the work of Amirjalayer et al. [23] demonstrates
that framework flexibility can lead to a change in order of
magnitude for benzene self-diffusion coefficient in MOF-5.
So, we believe the new force field is more useful for
studying diffusion and the systems with strong adsorbate/
Cu-BTC interactions.

Conclusions

In this work, we reported a new force field for describing
the flexibility of Cu-BTC. The comparisons with experi-
mental structural parameters, NTE behavior, vibrational
frequency of Cu-BTC, as well as CO, adsorption isotherm
show that the new force field is reliable. Also the present
work demonstrates that Cu-BTC is much less flexible than
MOF-5. One point which should be emphasized is that
since Dreiding force field was adopted to describe the
adsorbate/MOF interactions, the new force field remains the
reliability of Dreiding force field for describing gas
adsorption in MOFs. The approach can be readily extended
to other MOFs. Currently, we are doing investigations on

the understanding of the dynamic behavior of the pockets in
Cu-BTC using the new force field.
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