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The importance of charge–quadrupole interactions for H2 adsorption and diffusion in CuBTC

Jinchen Liuab, Rees B. Rankinab and J. Karl Johnsonab*

aNational Energy Technology Laboratory, Pittsburgh, USA; bDepartment of Chemical and Petroleum Engineering, The University of
Pittsburgh, Pittsburgh, USA

(Received 13 May 2008; final version received 9 August 2008 )

We have assessed the effects of charge–quadrupole interactions (CQIs) between the framework atoms of copper(II)
benzene-1,3,5-tricarboxylate (CuBTC) and adsorbed H2 molecules on equilibrium adsorption properties and self- and
transport diffusivities. We have also compared charges computed from periodic density functional theory (DFT) on the fully
periodic CuBTC structure with charges derived from DFT calculations on cluster models of CuBTC. Our results indicate
that carboxylate group atom charges computed from plane wave periodic DFT with the Bader charge analysis formalism are
not consistent with the charges computed from the ChelpG method from Gaussian-based DFT cluster calculations.
The charges derived from Bader analysis seem to be too large. Adsorption isotherms computed from Monte Carlo
simulations and diffusivities computed from molecular dynamics simulations indicate that CQIs have a substantial impact
on equilibrium and transport properties of H2 adsorbed in CuBTC at 77 K. Conversely, both adsorption isotherms and
diffusivities were shown to be essentially unaffected by CQIs at 298 K.

Keywords: charge–quadrupole interactions; CuBTC; H2 adsorption; H2 diffusion; MOF

1. Introduction

Metal–organic framework materials (MOFs) have gar-

nered a great deal of interest over the past several years as

candidates for storage of gases such as methane and

hydrogen and for separation of gas mixtures [1–15].

The advantages of MOFs when compared with many other

nanoporous materials include their relatively low cost,

high yield, adjustable pore size, shape and functionality,

extremely high surface areas and the potential to be

tailored for specific applications by changing the metals,

ligands or linkers.

A key to design new MOFs for specific applications is

the ability to accurately predict the adsorption and

diffusion of fluids in MOFs from atomically detailed

simulations. The adsorption isotherms computed from

simulations are not always in agreement with the

experimentally measured data, as noted in a recent review

[16]. In some cases the discrepancy can be traced to

problems with the experimental sample [16,17]. In other

cases, a careful assessment of the potentials used in the

simulations is needed. For example, Belof et al. [18] have

shown that many-body polarisability effects can be very

important for H2 adsorbed in soc-MOF, which has a highly

charged framework, while polarisability is not important

for H2 in IRMOF-1. Many of the simulations of H2

adsorption in various MOF have ignored framework-H2

charge–quadrupole interactions (CQIs), while obtaining a

reasonably good agreement with experiments [19,20].

Other studies ignoring framework-H2 CQIs have noted

that predicted adsorption isotherms underpredict the

experimental data [16,17,21]. Walton et al. [22] calculated

adsorption isotherms for CO2 in IRMOF-1, IRMOF-3 and

MOF-177. They found that the inclusion of fluid–fluid

quadrupole terms was critical for obtaining the good

agreement with experiments. However, they ignored

framework-CO2 CQIs that are known to have a large

impact on the adsorption of CO2 in MOFs, especially

below pressures of about 20 bar [23].

Given the lack of uniformity in accounting for

framework-fluid CQIs, there is a need to critically assess

the impact of CQIs on adsorption and diffusion. In this

study, we have chosen to focus on a single MOF that has

been extensively studied, both experimentally and

theoretically, namely copper(II) benzene-1,3,5-tricarbox-

ylate (CuBTC), also known as HKUST-1. This material

was first synthesised in 1999 by Chui et al. [24] who

published its structure based on X-ray diffraction

measurements. Later on, Peterson et al. [25] published a

slightly different structure for this same material based on

neutron diffraction data.

In this paper, we investigate the effects of CQIs on H2

adsorption and diffusion in CuBTC at 77 and 298 K. We

begin our study by using periodic density functional theory

(DFT) to characterise the two experimentally proposed

structures. We next investigate the atomic charges in

CuBTC. Atomic framework charges have previously been

computed for CuBTC using a cluster model to represent

the full periodic structure [26]. This is by far the most

ISSN 0892-7022 print/ISSN 1029-0435 online

q 2009 Taylor & Francis

DOI: 10.1080/08927020802398926

http://www.informaworld.com

*Corresponding author. Email: karlj@pitt.edu

Molecular Simulation

Vol. 35, Nos. 1–2, January–February 2009, 60–69

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
7
 
1
4
 
J
a
n
u
a
r
y
 
2
0
1
1



common method used [16]. In this work, we use periodic

DFT along with the Bader charge decomposition method

[27] to estimate charges on the CuBTC framework atoms

and compare our calculated values with our own cluster

calculations and with previously published atomic charges

[26]. We use framework charges from the literature and

from our own calculations to assess the impact of CQIs on

adsorption and diffusion of H2 in CuBTC. The adsorption

isotherms are computed from grand canonical Monte

Carlo (GCMC) and both the self- and transport

diffusivities are computed as a function of loading from

equilibrium molecular dynamics.

2. Simulation techniques and calculation details

2.1 Models

We used a rigid structure to model CuBTC. The atomic

coordinates of CuBTC were obtained from X-ray scattering

experiments [24]; these coordinates included residual

solvent molecules, which we have excluded. The interaction

potential of a H2 molecule with the CuBTC framework was

calculated as a summation over all pair-wise interactions

with the solid framework atoms, as given by

ui ¼
XNf

j¼1

fij þ uqjQ
� �

; ð1Þ

where fij and uqjQ are the van der Waals and CQIs terms for

H2 molecule i interacting with the atom j in the CuBTC

framework, respectively. We employed the universal force

field [28] for the framework atoms to represent the van der

Waals part of the fluid-framework potentials, modelled by

Lennard-Jones potentials. We have used two methods to

account for the H2-framework CQIs. For the first method, a

point quadrupole moment on the H2 molecule was used.

The CQI term between a charged solid atom and the H2

molecules is calculated by [29]

uqjQðr;fijÞ ¼
1

8p10

qjQH2
ð3cos2ðfijÞ2 1Þ

r3
ij

: ð2Þ

Here, rij is the distance between atom j in the framework

and the centre of mass of hydrogen molecule i, qj is the

charge on framework atom j (in units of Coulomb, C), QH2

is the quadrupole moment of the hydrogen molecule, QH2
¼

2:1 £ 10240 C m2; fij is the angle between the hydrogen

molecule symmetry axis and the line connecting it with the

framework atom and 10 is the vacuum permittivity.

The summation of the CQIs was performed over 8

(2 £ 2 £ 2) unit cells of CuBTC in our simulations. We

have verified that summation over 8 unit cells is converged.

The second method for accounting for CQIs used three

point charges to represent the quadrupole moment of H2.

The HZH bond length was set to 0.74 Å, with a charge

on each H atom of þ0.468e, and a charge on the centre of

mass of H2 of 20.936e, as used previously [30]. The CQI

was calculated by summation of the charge–charge

interactions between each framework atom and each charge

site of the H2 molecule. These charge–charge interactions

were pre-tabulated by a direct calculation of the atomic

charge–charge interactions using 515 unit cells following

the method developed by Skoulidas and Sholl [21].

In all cases, we used the Buch potential [31] to model the

H2–H2 interactions (s ¼ 2.96 Å, 1/k ¼ 34.2 K); the fluid-

framework Lennard-Jones potentials were computed from

Lorentz–Berthelot combining rules. The Lennard-Jones

potentials were truncated at 17 Å without applying long-

range corrections in the adsorption simulations. Note that we

have not included an explicit fluid–fluid quadrupole term in

our simulations, as discussed in Section 3.2. The diffusion

calculations used a cut-off radius of 13 Å along with

long-range corrections assuming a uniform density of

framework atoms beyond the cut-off radius [32]. We have

verified that the difference in the cut-offs with long-range

corrections gives results that are indistinguishable from each

other. This same method was used previously for simulating

H2 diffusion in a different MOF [33].

2.2 Simulation techniques

We used the conventional GCMC [34,35] simulation

technique to compute adsorption isotherms. We started

simulations at the lowest pressures from an empty MOF

matrix and then successively increased the fugacity in each

simulation. Each subsequent simulation was started from

the final configuration of the previous run. Each simulation

consisted of a total of 1 £ 107 trial configurations; the first

half of the configurations in each simulation was discarded

for equilibration. A configuration is defined as an attempted

translation, rotation, creation or deletion of a H2 molecule.

The probability of attempting a molecule creation or

deletion was set to 0.3. An equation of state for hydrogen

[36] was used to obtain the relationship between the bulk

pressure and fugacity. We have converted the total

adsorption obtained from simulation to excess adsorption

to compare with the experiments. The details of the

conversion calculations can be found in the literature [17].

We have employed equilibrium molecular dynamics

simulations to compute the self- and corrected diffusivities

for H2 in CuBTC. We have performed 20 independent MD

simulations at each loading, with simulation lengths of

2–3 ns after equilibrations of approximately 20 ps.

We have calculated the transport diffusivity from

DtðcÞ ¼ D0ðcÞ £
› ln ðf Þ

› ln ðcÞ

� �
T

; ð3Þ

where Dt(c) is the transport diffusivity (cm2/s), D0(c) is the

corrected diffusivity (cm2/s), f is the fugacity of the
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adsorbed fluid (in equilibrium with the bulk), c is the

concentration of the adsorbate in the MOF and

(› ln ( f)/› ln (c))T is the thermodynamic correction factor

that can be calculated from adsorption isotherms obtained

from GCMC simulations. We have used a virial-type

equation [37] to fit the adsorption isotherms, from which

the thermodynamic correction factors were computed.

We used the Feynman–Hibbs effective (FH) potential

[38,39] to represent the quantum effects for H2 adsorption

and diffusion in CuBTC at 77 K, following our previous

work [17,33]. We ignored the quantum effects at room

temperature since the quantum effects were found to be

small at 298 K [17].

2.3 DFT calculation details

We have performed DFT calculations to quantitatively

characterise the atomic structure of CuBTC. As a crystalline

material, the ideal structure of CuBTC possesses a 624 atom

unit cell with certain elements of symmetry. This unit cell

can be mathematically reduced to a 156 atom primitive cell.

The reduction of the simple unit cell to the primitive cell

affords a significant enhancement in the computational

feasibility for DFT calculations with CuBTC.

In order to characterise the CuBTC atomic structure, we

have performed fully periodic plane-wave DFT calcu-

lations with the Vienna ab initio simulation package

(VASP) [40,41]. In our calculations, we employed the PW-

91 generalised gradient approximation (GGA) functional

supplied in VASP. We have performed these GGA

calculations using both the ultrasoft pseudopotential

(USPP) [42,43] and the projector-augmented wave (PAW)

[44,45] methods to account for inner core electrons. We

have expanded the plane-wave basis sets in our calculations

up to a cut-off energy of 400 eV for USPP calculations and

430 eV for PAW. The atomic coordinates of the CuBTC

structure were optimised using the standard conjugate

gradient algorithm in the VASP package until forces on all

atoms were less than 0.04 eV/Å. For all results presented,

the Monkhorst–Pack [46] scheme for k-point spatial

sampling was used with grids of at least 3 £ 3 £ 3 k-points.

Atomic charges on the framework atoms were computed

from our periodic DFT calculations using the Bader charge

decomposition method [27].

We have also performed cluster-based DFT calculations

on representative clusters of CuBTC to calculate atomic

charges. These representative cluster fragment moieties of

CuBTC were derived from the fully relaxed bulk atomic

structures obtained from the periodic calculations.

The clusters extracted from the periodic structures possess

artificial dangling bonds. We have accounted for this effect

by saturating these bonds with CH3 groups or H atoms as

appropriate. We performed the cluster DFT calculations

using the Gaussian03 software suite [47]. The cluster

calculations used the B3LYP/6-311þ þ G(d,p) basis set.

The ChelpG method was used to perform the charge

partitioning of the electrostatic potential obtained from the

cluster DFT calculations. The ChelpG method is generally

accepted as the most reasonable and accurate method to

derive representative atomic charges for use in model

potentials [26,48].

3. Results and discussion

3.1 DFT calculations – CuBTC bulk structure and
charges

In our fully periodic DFT calculations, we have

constructed the 156 atom primitive cells corresponding

to the experimentally reported structural unit cells of

CuBTC from the work of Chui et al. [24] and Peterson et al.

[25]. In our calculations, we began by geometrically

optimising the full atomic structure of the primitive cell by

minimising the forces on the atoms. We then performed

calculations allowing a further optimisation of the cell

shape and volume with accompanying optimisation of the

atomic coordinates. The DFT calculations reveal that the

optimised relaxed structures from both the experimental

studies have very similar energies. The optimised CuBTC

structure from the work of Chui is 0.035 eV/primitive cell

higher in energy than the structure from the work of

Peterson et al., using the PAW approach. This corresponds

to an energy difference of 0.14 eV/unit cell or 0.001 eV/a-

tom between the two structures. The results from USPP

calculations are very similar, giving an energy difference

of 0.055 eV/primitive cell.

The optimised lattice constant of CuBTC from our fully

periodic DFT calculations was 26.39 Å for the structure of

Chui et al. and 26.42 Å for the structure of Peterson et al.

The calculations allowing the relaxation of cell shape did not

produce significant deviations away from orthogonal cell

vectors; the largest changes observed were of the order of

0.1–0.28 for both of the structures calculated. The lattice

constants calculated are in good agreement with those

reported from the experimental data. The lattice constant for

the optimised structure of Chui et al. is within þ0.2% of the

experimental value (26.34 Å) and the corresponding value

for the optimised structure of Peterson et al. is withinþ0.5%

of the experimental value (26.31 Å). Another metric that

allows a direct comparison of the DFT calculated optimised

structure with the experimentally measured structure is the

root mean square (RMS) displacement. An RMS calculation

between the initial (derived from experimental data)

coordinates of the CuBTC structure and the final (DFT-

optimised) coordinates reveals the quantitative net geometric

difference between the structures. The RMS values obtained

for the CuBTC structures were 0.007 Å/atom for the

structure of Chui et al. and 0.007 Å/atom for the structure

of Peterson et al. The RMS value between the two fully

relaxed DFT calculated structures is less than 0.01 Å/atom.

The most significant deviations away from the experimental

J. Liu et al.62
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structure positions as calculated by RMS correspond to the

Cu and H atoms; some of these atoms deviate from the

experimental structure position by up to 0.012 Å. Note that

our calculations indicate that the two experimental structures

do not relax to the same final structure. We conclude that the

two structures are local minima. Indeed, there could be many

similar structures separated by slight energetic differences

with barriers between inter-conversion. The impact of slight

differences in the crystal structure on simulated adsorption

and diffusion properties has been shown to be very small

[17,33].

We have calculated atomic point charges corresponding

to the framework atoms of CuBTC using the fully periodic

structures optimised via DFT calculations mentioned above.

We have employed two distinct methods to determine these

charges. The first method used was the Bader charge

decomposition method [27] for VASP. The second method

used was to construct fragment moieties of CuBTC derived

from the DFT fully periodic bulk structure. We then

calculated the atomic charges corresponding to these

representative CuBTC framework structures using the

ChelpG electronic partitioning scheme via DFT B3LYP/6-

311þþG(d,p) in the Gaussian03 software package. The

structures used for the cluster DFT calculations are presented

in Figure 1. We have used two different cluster sizes in our

calculations, both of which are smaller than the cluster used

by Yang and Zhong in their calculations [26]. Charges

computed from non-periodic clusters must be renormalised

in order to produce a charge neutral unit cell for the periodic

structure. We renormalised the charges according to

q0i ¼ qi 2
XN
i¼1

xiqi; ð4Þ

where q0i is the renormalised charge for species i, qi is the

charge computed from the cluster calculation, xi is the

fraction of species i having charge qi in the fully periodic

material and N is the number of distinct species. The results

of these atomic charge calculations are summarised in

Table 1, along with charges from the work of Yang and

Zhong [26]. Note that the 30 atom cluster does not contain a

C3 atom (see Figure 1). We therefore define the charge on C3

to be zero in this cluster. Yang and Zhong [26] used a slightly

different basis set and a different fragment representation for

the CuBTC framework. We find reasonably good agreement

between the charges computed from the three cluster

methods. However, results from the Bader charge calcu-

lations for the C1 and O1 atoms are inconsistent with the

ChelpG charges from Gaussian calculation. In particular, the

O atoms each gain approximately 0.4 extra electrons while

the C1 atom loses 0.8 extra electrons. We show in Section 3.2

that these charges give rise to adsorption isotherms that are

not in qualitative agreement with experiments. We therefore

believe that the C1 and O1 charges are not physically

realistic, although the other atoms have charges in relatively

good agreement with the cluster model. The origin of this

discrepancy is probably an artefact of the Bader charge

partitioning method rather than being due to something

inherent in the periodic DFT calculations.

3.2 Effects of CQIs on H2 adsorption

We ignored the quadrupole–quadrupole interactions

between H2 molecules in our simulations because the

Buch potential already includes these terms in the

effective potential parameters. Adding the fluid–fluid

quadrupole term in addition to the effective Lennard-Jones

potential can make the H2–H2 interactions artificially too

attractive [21]. To illustrate this point, we have calculated

the bulk equation of state for H2 at 77 K from GCMC

simulations using the classical Buch potential, the FH

effective Buch potential and the Darkrim–Levesque

Figure 1. CuBTC fragment moieties derived from fully periodic DFT calculation used in ChelpG charge parameterisation using B3LYP
calculations. At left, the 30 atom cluster, at right, the 50 atom cluster.
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model [30] with FH corrections. The calculated isotherms

using different potentials are shown in Figure 2, along with

experimental data from the literature [49]. The equation of

state for H2 is accurately reproduced by the FH-effective

Buch potential [17], as can be seen in Figure 2. The FH

effective Darkrim–Levesque potential slightly overesti-

mates the density at a given pressure. The Darkrim–

Levesque potential has Lennard-Jones parameters

(s ¼ 2.958 Å, 1/k ¼ 36.7 K) similar to those of the Buch

potential (s ¼ 2.96 Å, 1/k ¼ 34.2 K). The Buch potential

has been shown to accurately reproduce the fluid

properties of H2 over a very wide range of temperatures

and densities [50,51]. Hence, inclusion of the fluid–fluid

quadrupole terms makes the Darkrim–Levesque potential

artificially too attractive. We have used the FH correction

truncated at the quadratic (" 2) term because it has been

shown to adequately represent the quantum effects at

conditions relevant to this work [17,52,53]. Moreover,

inclusion of the quartic (" 4) term overcorrects for

quantum effects [53], giving worse agreement with

experiments and accurate path integral calculations than

the second order approach.

We have compared H2 adsorption isotherms using both

the point quadrupole and the point charge methods for

calculating the CQIs. The isotherms agree with each other

within the statistical uncertainty of the simulations over

the entire range of pressures, as can be seen in Figure 3.

The point quadrupole method is easy to implement and

Table 1. Atomic partial charges as computed by DFT methods in this work and from Yang and Zhong [26].

ChelpG charges, this work

Atomic species Yang and Zhong [26] 30 atom cluster 50 atom cluster Bader charges, this work

Cu 1.098 1.105 1.082 1.01
O1 20.665 20.659 20.725 21.07
C1 0.778 0.937 0.824 1.50
C2 20.092 20.320 20.061 0.06
C3 20.014 0 20.004 20.05
H 0.109 0.150 0.153 0.11

0 100 200 300 400
0

20

40

60

80

Buch potential
FH eff. D-L potential 
FH eff. Buch potential
Experiments

ρ 
(k

g/
m
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Figure 2. Equation of state for bulk H2 at 77 K. The
experimental data [49] are plotted as the solid line; the
simulation results from the FH effective Darkrim–Levesque
potential, Buch potential and FH effective Buch potential are
represented by squares, diamonds and circles, respectively.
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Figure 3. Comparison of H2 adsorption isotherms in CuBTC
at 77 K using two different charge–quadrupole models.
(a) P ¼ 0–1 bar (b) P ¼ 0–50 bar. The simulation results from
the point quadrupole and point charge models are represented by
open triangles and filled circles, respectively.
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computationally efficient, but less accurate for interactions

at short distances. From this point forward, we will only

present results calculated from the point charge model for

the H2 quadrupole.

We have used the charges on CuBTC framework

atoms from Yang and Zhong [11,26], from our

renormalised results of 50 atom cluster and from the

Bader analysis in this work to calculate the H2 adsorption

isotherms at 77 K. We accounted for quantum effects by

using the FH effective potential in these simulations.

Isotherms computed using the charge schemes from Yang

and Zhong and from our cluster calculations (not shown)

are very similar, with our charge scheme giving about

0.1 wt% higher adsorption for P . 1 bar. We have

compared simulation results with experiments and with

the simulations without CQIs; this comparison is shown in

Figure 4. Simulations using the charges from Bader

analysis dramatically overestimate the amount adsorbed.

There is a significant amount of adsorption at a pressure of

1023 bar from simulations with the Bader charges,

whereas the experiments and the other simulations show

negligible adsorption for H2 at these conditions. At this

pressure, H2 molecules mainly adsorb near the carboxyl

groups in CuBTC due to very strong CQIs; these strong

CQIs are caused by the unrealistically high atomic charges

on carbon and oxygen atoms in the carboxyl groups (see

Table 1). These results indicate that the charges from

Bader analysis are incorrect.

Using the charges from Yang and Zhong [26] increases

H2 adsorption by about 12–17% at low pressure (P # 1 bar)

and 10% at higher pressure region (P . 10 bar) at 77 K when

compared with the FH–Buch potential ignoring CQIs. In the

low-pressure region (P # 1 bar), the results for the

FH–Buch plus CQIs are in almost perfect agreement

with the Buch potential without quantum corrections

[see Figure 4(a)]. Hence, inclusion of CQIs fortuitously

cancels the quantum effects at these conditions. However, at

pressures higher than about 5 bar, the Buch potential without

quantum corrections overpredicts the amount adsorbed when

compared with the FH corrected Buch þ CQI potential (see

Figure 4(b)). Moreover, we would not expect this fortuitous

cancellation of quantum and charge effects to necessarily

extend to other MOF materials. At low pressures inclusion of

CQI terms still underestimates experimental adsorption data

by about 30%, as can be seen in Figure 4(a). The H2

adsorption isotherm calculated with CQIs agrees well with

experiments above about 10 bar. Overall, the inclusion of

CQIs improves the agreement with experiments, suggesting

that CQIs should be accounted for when simulating

adsorption of gases in polar MOF materials (i.e. MOFs

having strong local dipoles) or polar molecules in MOF

materials. However, there is still a discrepancy at low

pressures, where all our simulations with reasonable

potentials underestimate the amount adsorbed relative to

experiment.

In addition to the 77 K calculations, we have also

calculated isotherms at 298 K using various potentials and

have compared our calculations with the experimental data

from Liu et al. [17] in Figure 5. As we previously observed

for simulations at 77 K, using the charges from Bader

analysis significantly overestimates the amount H2

adsorbed. The amount adsorbed increases only 0.02 wt%

at P ¼ 50 bar using the charges from Yang and Zhong [26]

when compared the results calculated ignoring CQIs.

In this case, both simulations (with and without CQIs)

agree well with the experimental data. CQIs are essentially

negligible at 298 K. The reason for this is that the charge–

quadrupole terms largely cancel at high temperature
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Figure 4. Comparison of simulated and experimental H2

adsorption isotherms in CuBTC at 77 K. (a) P ¼ 0–1 bar.
(b) P ¼ 0–50 bar. The experimental results [17] are represented
by filled circles. The simulation results using classical Buch
potential and FH effective potential are represented by squares
and diamonds, respectively and are taken from our previous work
[17]. The simulation results using FH effective potential with
CQIs using charges from Yang and Zhong [26] and Bader
analysis are represented by up triangles and down triangles,
respectively.
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because the adsorbate molecules behave as nearly free

rotors. The CQI as given by Equation (2) is both positive

and negative, depending on the orientation of the

molecule. Therefore, the angle average of Equation (2),

appropriate for free rotors, is a factor of 4 smaller than the

most attractive orientation.

3.3 Effects of CQIs on H2 diffusion

We have computed the self-diffusivities of H2 in CuBTC

at 77 K using three different potentials: the Buch potential,

the FH-effective Buch potential and the FH-effective Buch

potential with CQIs, using charges from Yang and Zhong

[26]. The results are plotted in Figure 6. The self-

diffusivities show the same trends and have similar

numerical values for all the three potentials used. The self-

diffusivity increases with increasing pressure (loading) in

the low-pressure (loading) region, then decreases in the

high-pressure (loading) region after reaching a maximum

value. This qualitative behaviour was previously observed

for CH4 and Ar diffusion in a pure silica MFI-type zeolite,

ITQ-3 [54]. The topology of CuBTC is similar to ITQ-3 in

that both materials have large and small cages. In CuBTC,

the small and large pores have diameters of 5 and 9 Å,

respectively, and are connected by a window of about

4.5 Å in diameter [24]. In the low-pressure (loading)

region, H2 molecules mainly adsorb in the small pores and

diffusion is limited by the energy barrier required to

escape the small pores. At higher (intermediate) loadings

H2 begins to adsorb in the large pores on the surface of the

linker. This results in a decrease in the energy barrier for

diffusion out of the small pores and hence increases the

diffusivity. At high loadings, the steric hindrance between

the adsorbate molecules leads to a decrease in the self-

diffusivity.

From Figure 6 we see that at low pressures, P , 1 bar,

(less than 100 H2 per unit cell), inclusion of CQIs increases

self-diffusivities by about 20–80% when compared with

the simulations ignoring CQIs. We have calculated the

activation energies at zero loading for temperatures of 77,

100, 150 and 200 K. The activation energies were

computed from the Arrhenius plot of the self-diffusivities.

The calculated activation energies are 3.5 and 4.1 kJ/mol

for the simulations with and without the CQIs,

respectively. The observation of the H2 diffusion

trajectories at low loadings reveals that the rate controlling

step is diffusion out of the small pores. The lower

activation energy calculated with the inclusion of CQIs
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Figure 5. Comparison of simulated and experimental H2

adsorption isotherms in CuBTC at 298 K. The experimental
results [17] are represented by filled circles. The simulation
results without CQIs, taken from [17], with CQIs for charges
from Yang and Zhong [26] and CQIs with charges from Bader
analysis are represented by squares, up triangles and down
triangles, respectively.
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Figure 6. Simulated self-diffusivities of H2 in CuBTC at 77 K
(a) in terms of loading, (b) in terms of pressure. The simulation
results with CQIs for charges from Yang and Zhong are
represented by circles. The simulation results without CQIs using
the Buch potential and FH effective Buch potential are
represented by squares and diamonds, respectively. The lines
are a guide to the eye.
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compared with that without CQIs indicates that the CQIs

decrease the energy barrier for a molecule going from the

small pores to the large pores. This decrease in the energy

barrier results in an increase in the self-diffusivity. The

inclusion of the FH-effective term has negligible effects on

self-diffusivities at low loadings compared with the

classical Buch potential.

The self-diffusivities at high loadings are essentially

identical when plotted as a function of loading (Figure

6(a)). This is a result of diffusivity being mainly controlled

by adsorbate–adsorbate scattering above a loading of

about 100 molecules per unit cell.

We have plotted the H2 transport diffusivities at 77 K

using the above three potentials in Figure 7. The H2

transport diffusivities increase monotonically with

increasing pressure, a result consistent with the studies

for the diffusion of other gases in MOF materials [32,33].

The transport diffusivities calculated by including CQIs

are larger (smaller) than those without CQIs at low (high)

loadings.

We have plotted the self- and transport diffusivities at

298 K as calculated with and without CQIs in Figure 8.

The diffusivities with and without CQIs are essentially

identical within the statistical uncertainties in the data.

Hence, charge–quadrupole terms do not have a significant

effect on transport properties at room temperature. This

observation is consistent with the adsorption isotherms at

298 K shown in Figure 4.

4. Conclusions

We have used DFT methods to compute structural and

energetic properties of CuBTC. The energies of the DFT

relaxed experimental structures from Chui et al. [24] and

Peterson et al. [25] are within 0.14 eV/unit cell of each
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Figure 7. Simulated transport diffusivities of H2 in CuBTC at
77 K (a) in terms of loading and (b) in terms of pressure.
The simulation results with CQIs for charges from Yang and
Zhong are represented by circles. The simulation results without
CQIs using Buch potential and FH effective Buch potential are
represented by squares and diamonds, respectively. The lines are
a guide to the eye.
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Figure 8. Simulated self- (open symbols) and transport (solid
symbols) diffusivities of H2 in CuBTC at 298 K (a) in terms of
loading and (b) in terms of pressure. The simulation results
without CQIs and with CQIs for charges from Yang and Zhong
are represented by squares and circles, respectively. The lines are
a guide to the eye.
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other. Thus, these two structures are essentially energe-

tically degenerate. We have also performed fully periodic

as well as cluster-based DFT calculations to estimate the

atomic partial charges in the CuBTC framework.

The charges for the fully periodic structure were computed

by the Bader charge analysis method, while the cluster

models employed the ChelpG method. Our cluster-based

ChelpG charges agree well with the values reported by

Yang and Zhong [26]. However, the Bader analysis

method was seen to significantly overestimate the charges

on the COO group.

We have employed statistical mechanical simulation

methods to investigate the effect of CQIs on adsorption

and diffusion of H2 in CuBTC. We have compared

simulations using CuBTC charges from the literature and

from Bader charge analysis from our calculations.

Inclusion of charges from the literature increases the

agreement between simulations and experiments for

adsorption at 77 K, whereas the Bader charges result in

much higher adsorption than observed experimentally.

Hence, we conclude that Bader charges should be very

carefully examined to determine if they are suitable for

constructing interatomic potentials for use in statistical

mechanical simulations. Inclusion of charges at 298 K had

negligible effect on the adsorption isotherm.

Self- and transport diffusivities have been computed

for H2 in CuBTC, both with and without CQIs, at 77 and

298 K. As with adsorption isotherms, CQIs have a

substantial impact on diffusion at 77 K but are negligible

at 298 K. Hence, inclusion of adsorbate–adsorbent

charge–quadrupole interactions may be important for

computing the adsorption and diffusion of gases in MOF

materials. We expect, for example, that CQIs would be

very important for CO2 adsorption and diffusion in MOFs,

even at room temperature, because of the very large CO2

quadrupole.
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