
http://www.aimspress.com/journal/Materials

AIMS Materials Science, 5(2): 226–245.
DOI: 10.3934/matersci.2018.2.226
Received: 10 January 2018
Accepted: 07 March 2018
Published: 20 March 2018

Research article

Theoretical study of the effect of halogen substitution in molecular porous
materials for CO2 and C2H2 sorption

Douglas M. Franz, Mak Djulbegovic, Tony Pham* and Brian Space*

Department of Chemistry, University of South Florida, 4202 East Fowler Avenue, CHE205, Tampa,
FL 33620-5250, USA

∗ Correspondence: Email: tpham4@mail.usf.edu; brian.b.space@gmail.com;
Tel: +1-813-765-4846.

Abstract: Grand canonical Monte Carlo (GCMC) simulations of carbon dioxide (CO2) and acetylene
(C2H2) sorption were performed in MPM-1-Cl and MPM-1-Br, two robust molecular porous materials
(MPMs) that were synthesized by the addition of adenine to CuX2 (X = Cl or Br) by solvent diffusion.
Previous experimental studies revealed that both MPMs are selective for C2H2 over CO2 [Xie DY, et
al. (2017) CIESC J 68: 154–162]. Simulations in MPM-1-Cl and MPM-1-Br were carried out using
polarizable and nonpolarizable potentials of the respective sorbates; this was done to investigate the
role of explicit induction on the gas sorption mechanism in these materials. The calculated sorption
isotherms and isosteric heat of adsorption (Qst) values for both sorbates are in reasonable agreement
with the corresponding experimental measurements, with simulations using the polarizable models
producing the closest overall agreement. The modeled CO2 binding site in both MPMs was discovered
as sorption between the halide ions of two adjacent [Cu2(adenine)4X2]2+ (X = Cl, Br) units. In the
case of C2H2, it was found that the sorbate molecule prefers to align along the X–Cu–Cu–X axis of
the copper paddlewheels such that each H atom of the C2H2 molecule can interact favorably with the
coordinated X− ions. The simulations revealed that both MPMs exhibit stronger interactions with C2H2

than CO2, which is consistent with experimental findings. The effect of halogen substitution toward
CO2 and C2H2 sorption in two isostructural MPMs was also elucidated in our theoretical studies.

Keywords: metal–organic framework; simulation; gas sorption; carbon dioxide; acetylene; gas
separation

1. Introduction

Metal–organic materials (MOMs) are a class of synthesized, often porous, and crystalline materials
that have comprised the focus of a large amount of experimental and theoretical studies for the past
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few decades [1–3]. The application of MOMs is very diverse and has become essentially ubiquitous in
scientific research, ranging from gas sorption [3–17], separation [4, 18, 19], catalysis [20–23], sensing
[24,25], photoinduced electron transfer [26–29] and biological uses [30,31]. The major reason for this
is that there are conceivably infinite variations of MOM structures that can be synthesized by altering
their component metal ions, organic linkers, secondary building units (SBUs) [32, 33], solvents, and
thermodynamic or physical conditions.

This study focuses on explaining the sorption properties of CO2 and C2H2 in two isostructural
porous materials. A method that separates these gases facilely from a mixture is highly sought for
since CO2 is one of the main contaminants in C2H2. The latter is an important feedstock chemical that
is used for myriad products, such as pharmaceuticals, plastics, and fuels. There is also a growing need
for technology that can mitigate the effects that CO2 has on the environment. Indeed, the detrimental
results of excess atmospheric CO2 are both already observed and predicted to propogate in human
health and the environment if steps are not taken to combat it [34]. A material that can effectively sorb
and/or separate these two gases is therefore desirable and an understanding of the mechanism of such
properties in candidate materials can pave the way for better, safer, and cheaper porous materials.

Recent studies involved examining C2H2/CO2 separation in hybrid ultramicroporous materials
(HUMs), a subclass of MOMs that combine ultramicropores with strong electrostatics from inorganic
anions that line the pore surface [35, 36]. The materials of interest in this particular study are
classified as molecular porous materials (MPMs), a class of molecular solids that are held together
through weak noncovalent interactions (e.g., hydrogen bonding) as opposed to the conventional fully
covalently bonded interactions found in most MOMs. The combination of adenine and Cu+2 salts of
Cl and Br forms self-assembled [Cu2(adenine)4Cl2]Cl2 and [Cu2(adenine)4Br2]Br2, known as
MPM-1-Cl and MPM-1-Br, respectively [37]. Orthographic views of the 1 × 1 × 2 supercell of
MPM-1-Br are shown in Figure 1.

The syntheses of MPM-1-Cl and MPM-1-Br are reported in references [38, 39], respectively. Both
MPMs feature an interesting hydrogen-bonding network in which (1) four hydrogen atoms from four
different adenine linkers are hydrogen-bonded to a single halide ion and (2) an adenine linker from one
[Cu2(adenine)4]4+ unit exhibits hydrogen-bonding contacts with an adenine linker from another unit.
Unlike most MOMs that contain dinuclear copper paddlewheel clusters [3, 40], these MPMs contain
halogen atoms bonded to the Cu2+ ions of the copper paddlewheels at the axial position to create a
saturated metal center. The two MPMs have a minor kink in the X–Cu–Cu–X (X = Cl or Br) motif
such that the angle is not 180◦. Previous theoretical studies on MPMs [41] involved comparing the CO2

and H2 sorption mechanism in MPM-1-Cl and MPM-1-TIFSIX [42], with latter containing TiF6
2− ions

in place of the halide ions. Overall, MPMs are of interest due to their thermal and water stability as
well as their ease of synthesis compared to most MOMs. When these attributes are combined with
their decent gas sorption and separation properties, MPMs could be good and interesting candidates
for materials research.

The purpose of this study is to elucidate (with atomistic resolution) the sorption properties of CO2

and C2H2 in the isostructural MPM-1-Cl and MPM-1-Br analogues. Insights into the reason for why
both MPMs prefer C2H2 over CO2 will be obtained. Another interest of this work is examining how the
electronic environment (and thus MPM–sorbate interaction) is effected by the use of a different halogen
in the material. It will be shown that the van der Waals radius of the halogen and its polarizability play
a key role in determining the location of the favorable sorption site and the energetics of binding in
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the material. To our knowledge, this is the first study reporting simulations of C2H2 sorption in these
materials as well as being the first theoretical study of MPM-1-Br.

(a) (b)

(c)

Figure 1. (a) Orthographic a-axis view, (b) b-axis view, and (c) c-axis view of the 1 × 1
× 2 supercell of MPM-1-Br used for the simulations in this study. The crystal structure of
MPM-1-Cl is very similar. Atom colors are C = cyan; N = blue; H = white; Cu = brown; Br
= red.

2. Methods

The potential energy function for MPM-1-Cl was developed by our group in previous work [41]
and utilized herein. The crystal structure for MPM-1-Br was obtained from reference [39]. For all
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simulations in both MPMs, the sorbent atoms were treated as rigid to accomodate a constant volume
ensemble system. This approximation is especially valid when phononic effects are minor [43]. As
with previous work on MPM-1-Cl [41], all atoms of MPM-1-Br were given Lennard-Jones 12–6
parameters, point partial charges, and scalar point polarizabilities to model repulsion/dispersion,
stationary electrostatic, and explicit polarization, respectively. The Lennard-Jones parameters for all
MPM atoms were taken from the Universal Force Field (UFF) [44], while the exponentially-damped
polarizabilities for all atoms other than Cu were obtained from van Duijnen et al. [45]. The
polarizability parameter for Cu2+ was determined in reference [46] and used herein. The point partial
charges for the chemically unique atoms were determined by averaging atomic charges computed via
a least squares fit [47] to the electrostatic potential surface of representative MPM fragments (see
Supporting Information, Figure S1) generated by quantum mechanical calculations using
NWChem [48].

The potentials used for CO2 were the nonpolarizable CO2-PHAST [49] and TraPPE [50] models
and the polarizable CO2-PHAST* model [49]. C2H2-PHAST and C2H2-PHAST* [35,36] were used to
simulate C2H2 sorption in both MPMs; the * denotes the inclusion of explicit polarization. Simulations
of CO2 and C2H2 sorption in MPM-1-Cl and MPM-1-Br were performed using grand canonical Monte
Carlo (GCMC) methods [51]. The sorption simulations, theoretical isosteric heat of adsorption (Qst)
calculation, binding site analysis, etc. were carried out using the codes developed by our group [52,53].
Further details of performing the simulations and parametrizations are presented in the Supporting
Information. All relevant simulation parameters for both MPMs and the gases simulated are also
provided in the Supporting Information (Tables S1–S4).

Simulated annealing calculations were performed using the polarizable CO2 and C2H2 potentials
in both MPMs to determine the classical binding energy for each sorbate in the respective materials.
This is a computational method which involves executing a normal Monte Carlo procedure (using the
MPM with a single sorbate molecule) that is tempered by reducing the temperature with each accepted
perturbation [54]. As the temperature decreases, the guest molecule settles into an energy minima
whose magnitude can be compared with the Qst near zero loading.

3. Summary of experimental data

3.1. C2H2 uptake

C2H2 uptake in MPM-1-Cl and MPM-1-Br was experimentally measured by Xie et al. [37] at 273
and 298 K and pressures up to 1 atm; the resulting isotherms (as estimated from [37]) are shown in
Figure 2a. It can be observed that as the pressure increases at 273 K, the Cl variant exhibits mildly
greater affinity for C2H2 than the Br analogue. This could be due to the Cl− ions having a smaller ionic
radius than Br−, resulting in a slightly larger pore volume in MPM-1-Cl. This increased accessible
volume in MPM-1-Cl relative to MPM-1-Br can allow for greater number of C2H2 molecules to occupy
the pore space in the material at conditions approaching saturation.

Interestingly, the relative uptake trend is reversed at 298 K: MPM-1-Br shows slightly greater
affinity for C2H2 compared to MPM-1-Cl for all pressures considered at this temperature. The
observed phenomenon may be caused by the increased kinetic energy of the C2H2 molecules and the
Br variant at higher temperatures. This permits the C2H2 molecules to diffuse through and collide
with MPM-1-Br at a greater rate than at 273 K. Since Br is heavier than Cl, the Br− ions likely vibrate
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more slowly than the Cl− ions, thus making MPM-1-Br more rigid. When the C2H2 molecules are
moving more quickly at higher temperatures, the favorable geometry of the MPM-1-Br framework is
less flexible, whereas the higher kinetic energy of gas molecules may induce a slightly unfavorable
conformational change for the Cl analogue. This is further emphasized from the fact that the primary
binding site discovered for C2H2 in MPM-1-Br has a lower potential energy and closer distance to the
Cu paddlewheel than the analogous site in MPM-1-Cl; this will be explained below in Section 4.3.
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Figure 2. Experimental gas sorption isotherms of (a) C2H2 and (b) CO2 for MPM-1-X (X =

Br, circles or Cl, triangles). at two different temperatures (blue = 273 K; red = 298 K) and
pressures up to 1 atm. All experimental data were estimated from [37].

3.2. CO2 uptake

Xie et al. also measured CO2 sorption in MPM-1-Cl and MPM-1-Br under the same conditions as
C2H2 [37]; these isotherms are presented in Figure 2b. We note that Zaworotko’s group also reported
CO2 sorption data in the Cl analogue previously [41, 42]. It can be seen that MPM-1-Cl sorbs a
greater quantity of CO2 for nearly all state points considered. This phenomenon may be explained
by Cl exhibiting a higher electronegativity than Br, which allows for greater electrostatic interactions
between the halide ion and the CO2 molecule. Although CO2 has no permanent dipole moment in the
bulk, it displays high induced dipoles when interacting with the MPM framework [41]. The interaction
between the Cl− ion and the partial positive carbon atom of the CO2 molecule is fortified with a greater
electronegativity compared to Br−. Our electronic structure calculations in both MPMs confirmed that
the magnitude of the partial negative charges of the Cl− ions in MPM-1-Cl are greater than those for
the Br− ions in MPM-1-Br (see Supporting Information, Table S1).

3.3. Isosteric heats of adsorption

Xie et al. [37] derived the experimental Qst values for C2H2 and CO2 in MPM-1-Cl and MPM-1-Br
by applying the virial method [55] to the corresponding experimental isotherms. These Qst values are
plotted as a function of gas loading in Figure 3. For both MPMs, the Qst for C2H2 is higher than that
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for CO2 at all loadings considered, thus indicating that these two MPMs display greater preference for
C2H2 over CO2. Table 1 provides a summary of the zero-loading Qst values (Q0

st) for C2H2 and CO2 in
both MPMs.
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Figure 3. Experimental isosteric heats of adsorption (Qst) for C2H2 (circles) and CO2

(triangles) for MPM-1-X (X = Br, blue or Cl, red). All experimental data were estimated
from [37].

Table 1. Summary of data from key state points for gas sorption in MPM-1-Cl and MPM-1-
Br. Experimental values [37] are compared with simulation using various potentials for each
sorbate. Q0

st is the Qst value for the lowest reported loading. Units are akJ mol−1, bmmol g−1.
CO2 C2H2

MPM-1-Cl Exp. Simulation Exp. Simulation
Model CO2-PHAST* CO2-PHAST TraPPE C2H2-PHAST* C2H2-PHAST
Q0

st
a 23.76 22.77 24.33 26.22 28.57 25.49 25.65

0.05 atm loading, 273 Kb 0.26 0.23 0.36 0.80 0.80 1.08 0.81
1.0 atm loading, 273 Kb 3.50 3.63 4.75 5.06 3.86 5.05 5.25
0.05 atm loading, 298 Kb 0.12 0.13 0.17 0.35 0.34 0.34 0.25
1.0 atm loading, 298 Kb 1.97 2.07 2.74 3.60 2.78 4.21 4.57

MPM-1-Br Exp. Simulation Exp. Simulation
Model CO2-PHAST* CO2-PHAST TraPPE C2H2-PHAST* C2H2-PHAST
Q0

st
a 21.61 25.02 25.57 25.40 25.05 30.61 27.55

0.05 atm loading, 273 Kb 0.19 0.23 0.33 0.51 0.81 1.41 1.23
1.0 atm loading, 273 Kb 2.54 2.52 3.20 3.77 3.59 3.69 3.66
0.05 atm loading, 298 Kb 0.12 0.11 0.13 0.20 0.43 0.34 0.22
1.0 atm loading, 298 Kb 1.56 1.52 1.80 2.47 2.82 3.31 3.30

With regards to C2H2, MPM-1-Cl exhibits a Q0
st value of 28.57 kJ mol−1, while that for MPM-

1-Br is 25.05 kJ mol−1. This suggests that MPM-1-Cl displays a more favorable initial loading site
for C2H2 than MPM-1-Br according to experiment. The C2H2 Qst plot for MPM-1-Cl exhibits an
expected decrease in Qst with each successive C2H2 molecule sorbed in the MPM at low loading;
however, after ∼1.5 mmol g−1 loading is reached, the Qst values begin to increase and eventually surpass
the Q0

st value. The analogous plot for MPM-1-Br shows that the Qst continually increases as the
loading increases. Overall, for both MPMs, the increase in Qst as a function of loading could be due
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to a combination of MPM–sorbate and cooperative sorbate–sorbate interactions [41,56]. Interestingly,
while the experimentally reported C2H2 Qst for MPM-1-Br is higher than that for MPM-1-Cl at high
loadings (>1 mmol g−1), the reported C2H2 uptake is higher for MPM-1-Cl at 273 K and high pressures.
We believe that this could be due to the empirical fitting method employed to obtain the Qst values from
experimental isotherms. This is discussed in more detail in Section 4.1.3.

The Q0
st value for CO2 in MPM-1-Cl and MPM-1-Br is 23.76 and 21.61 kJ mol−1, respectively.

Further, the CO2 Qst for MPM-1-Cl is greater than that for MPM-1-Br across the considered loading
range. This implies that CO2 sorption is more favorable in MPM-1-Cl than MPM-1-Br, presumably
due to the greater electronegativity and calculated partial negative charge of the Cl− ion as explained
in the previous subsection. Interestingly, the CO2 Qst plot for MPM-1-Cl shows the same behavior as
the C2H2 Qst plot for MPM-1-Br. Likewise, the shape of the Qst plot for CO2 in MPM-1-Br is similar
to that for the C2H2 Qst plot for MPM-1-Cl. As with C2H2, both MPMs exhibit increasing Qst with
increasing loading in their CO2 Qst plots, which indicates that CO2–CO2 interactions are favorable in
these materials.

4. Simulation results and discussion

4.1. C2H2 sorption

4.1.1. MPM-1-Cl

The experimental and simulated C2H2 sorption isotherms in MPM-1-Cl at 273 and 298 K are
displayed in Figure 4a. At 273 K, the calculated uptakes for the nonpolarizable C2H2-PHAST and
polarizable C2H2-PHAST* models are in good agreement with experiment at pressures of 0.05 atm
and lower. At higher pressures, however, the simulated uptakes for both potentials are significantly
higher than experiment. At 298 K, both models generated sorption isotherms that show very good
agreement with experiment for pressures up to 0.2 atm, while they notably oversorb experiment at
greater pressures. The fact that the simulated uptakes for the two potentials are in close agreement
with experiment at low pressures for both temperatures suggest proper modeling of the initial C2H2

binding sites in this material. The significant oversorption compared to experiment implies that the
simulations produced inflated sorbate–sorbate interactions in the MPM relative to what is physically
captured in experiment, which could be attributed to inadequacies in the present C2H2 potentials. It
can be observed that the polarizable model produced uptakes that are somewhat closer to experiment
at higher pressures.

4.1.2. MPM-1-Br

Figure 5a shows the simulated C2H2 sorption isotherms in MPM-1-Br at 273 and 298 K compared
to experiment. As with MPM-1-Cl, simulations using the C2H2-PHAST and C2H2-PHAST* models
in MPM-1-Br at both temperatures generally produced uptakes that are in good agreement with
experiment at low pressures and those that are remarkably higher than experiment at higher pressures.
Both models yielded comparable isotherms in MPM-1-Br at 273 K, with uptakes that are in closer
agreement with experiment as the pressure approaches 1 atm. This could be a consequence of the
material reaching C2H2 saturation under these conditions. At 298 K, the uptakes for the
C2H2-PHAST* model is in better agreement with experiment at pressures lower than 0.1 atm.
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Figure 4. Simulated gas sorption isotherms of (a) C2H2 and (b) CO2 for MPM-1-Cl
compared with experiment at two different temperatures (blue = 273 K; red = 298 K) and
pressures up to 1 atm. Experiment = pure solid line; C2H2/CO2-PHAST model = solid line
with triangles; C2H2/CO2-PHAST* model = solid line with stars; TraPPE model = solid line
with circles.
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Figure 5. Simulated gas sorption isotherms of (a) C2H2 and (b) CO2 for MPM-1-Br
compared with experiment at two different temperatures (blue = 273 K; red = 298 K) and
pressures up to 1 atm. Experiment = pure solid line; C2H2/CO2-PHAST model = solid line
with triangles; C2H2/CO2-PHAST* model = solid line with stars; TraPPE model = solid line
with circles.
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As shown in Table 1, the experimental C2H2 uptakes for MPM-1-Br at both temperatures are
higher than those for MPM-1-Cl at low pressures (0.05 atm), whereas such uptakes for the former are
lower than those for the latter at higher pressures (1.0 atm). This trend is consistent with what was
observed in the simulations when utilizing both C2H2 potentials. Therefore, MPM-1-Br exhibits
greater interactions with the C2H2 molecules than MPM-1-Cl at low loadings, which could be
explained by the Br− ions having a larger polarizability and van der Waals parameters than Cl− ions
(see Supporting Information, Table S2). Nevertheless, at higher pressures, MPM-1-Br displays lower
C2H2 uptake than the Cl analogue because less accessible space is available in the material under
these conditions due to the larger ionic radius of the Br− ions. Indeed, the shape of the simulated
C2H2 sorption isotherms for MPM-1-Br suggests that the material is near C2H2 saturation at ca. 3.5
mmol g−1 loading.

4.1.3. Isosteric heats of adsorption

The simulated C2H2 Qst values for MPM-1-Cl and MPM-1-Br are compared with their
corresponding experimental Qst plots in Figures 6a and 7a, respectively. It can be observed that
simulations using the two models captured the apparent increase in Qst as the loading increases for
both MPMs. This shape is consistent with the experimental C2H2 Qst plot for MPM-1-Br. Overall, the
trend in the simulated Qst values for MPM-1-Cl and MPM-1-Br support the experimental observation
that both MPMs tend to facilitate C2H2 sorption such that initially loaded molecules tend to
cooperatively interact with each other to lower the potential energy of subsequent guest molecules,
thereby leading to enhanced sorbate–sorbate interactions at higher loadings. When considering all
loadings, both models produced Qst values that are within the vicinity of experiment for both MPMs.

The theoretical Q0
st value for the C2H2-PHAST and C2H2-PHAST* models in MPM-1-Cl are 25.49

and 25.65 kJ mol−1, respectively, which are lower than the corresponding experimental value of 28.57
kJ mol−1 (Table 1). Simulations in MPM-1-Br yielded Q0

st values of 30.61 and 27.55 kJ mol−1 for the
nonpolarizable and polarizable models, respectively, which are higher than the experimental value for
this MPM (25.05 kJ mol−1). In general, our simulations suggest that MPM-1-Br exhibits a higher Q0

st

value for C2H2 than MPM-1-Cl, whereas the opposite trend is observed according to experiment.
From a molecular point of view, it is expected that MPM-1-Br would display a greater affinity for
C2H2 due to the higher polarizability of the Br− ions. Such an effect is probably captured in our
simulations that include both implicit and explicit polarization. This behavior is not reflected in the
reported experimental C2H2 Qst for both MPMs even though the experimental isotherms at both
temperatures suggest that MPM-1-Br outperforms MPM-1-Cl for C2H2 uptake at low pressures (see
Table 1). It is notable that the experimental Qst values are derived from an empirical fitting procedure
on the measured sorption isotherms, whereas the theoretical values are obtained directly from GCMC
simulation [57]. We could therefore attribute the discrepancy in the relative Q0

st trend between
experiment and simulation to the empirical fitting that was implemented to extract the experimental
Qst values.
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4.2. CO2 sorption

4.2.1. MPM-1-Cl

The simulated CO2 uptakes for three different potentials (CO2-PHAST, CO2-PHAST*, and
TraPPE) in MPM-1-Cl at 273 and 298 K are shown in Figure 4b. The isotherms produced by the
CO2-PHAST and TraPPE models oversorb experiment for nearly all state points considered. On the
other hand, the isotherms for the CO2-PHAST* model are in excellent agreement with experiment
across the considered pressure range at both temperatures. The strong agreement between the
experimental and simulated isotherms for the CO2-PHAST* model demonstrates that this potential is
highly accurate for simulations in heterogeneous media [49]. The TraPPE model yielded the highest
calculated CO2 uptakes in MPM-1-Cl out of all models. Indeed, at 273 K, the calculated uptakes for
this model are >1.5 mmol g−1 higher than experiment at pressures of 0.2 atm and beyond. Although
the TraPPE model is widely used, it has been shown to generate isotherms that notably oversorb
experiment in many porous materials [3, 16, 58–60].

The CO2-PHAST* model yielded the lowest CO2 uptakes in MPM-1-Cl out of all models for all
considered state points even though it includes explicit many-body polarization. Generally, the
theoretical gas uptake in MOMs increases with increasing terms in the potential energy function [46].
This was not the case here as the CO2-PHAST model gives uptakes that are higher than those for its
polarizable counterpart. It is predicted that the inclusion of polarization produces a favorable sorbate
ordering effect in this MPM, which causes the CO2 uptake to decrease compared to when only
stationary electrostatic interactions are considered. A similar phenomenon was observed from
theoretical studies in a HUM [56]. We note that CO2 sorption in MPM-1-Cl was investigated
previously through GCMC simulations using only the CO2-PHAST* model [41]. Herein, we show
the results that were obtained using different CO2 potentials in this material.

4.2.2. MPM-1-Br

A comparison of the experimental and simulated CO2 sorption isotherms for the three different
potentials in MPM-1-Br at 273 and 298 K is presented in Figure 5b. The results for the three models
in this MPM are consistent with that for MPM-1-Cl. Notably, the isotherms for the TraPPE model
significantly oversorb experiment at both temperatures. The amount of oversorption for this model is
generally proportional to the pressure. The CO2-PHAST model produces the next highest calculated
CO2 uptakes for all pressures, followed by the CO2-PHAST* model. As observed in MPM-1-Cl, the
CO2-PHAST* model yields uptakes that are in very good agreement with experiment for all pressures
at both temperatures, thus further illustrating the accuracy of this potential for simulation CO2 sorption
in porous materials. The isotherm for the nonpolarizable CO2-PHAST model is in good agreement
with experiment at 298 K, but somewhat oversorbs experiment at 273 K. The increase in temperature
may provide enough kinetic energy to decrease electrostatic interactions between the Br− ions and the
CO2 molecule; this could explain why the CO2-PHAST model shows better agreement with experiment
at the higher temperature.

As shown in Table 1, the experimental atmospheric CO2 uptakes in MPM-1-Br at 273 and 298
K are 2.54 and 1.56 mmol g−1, respectively. The corresponding values for MPM-1-Cl are 3.50 and
1.97 mmol g−1, respectively, which are higher than those for MPM-1-Br. Our simulations confirmed
the experimental finding that the CO2 uptakes under these thermodynamic conditions are greater for

AIMS Materials Science Volume 5, Issue 2, 226–245.



236

MPM-1-Cl than MPM-1-Br; this is true regardless of the CO2 potential that was used. It is expected
that CO2 sorption in these MPMs is governed by electrostatic interactions between the halide ion and
the positively charged carbon atom of the CO2 molecule. MPM-1-Br displays weaker interactions with
the CO2 molecules than MPM-1-Cl, probably due to the lower calculated partial negative charges for
the Br− ions compared to the Cl− ions (see Supporting Information, Table S1). Lower magnitudes for
the partial negative charge of the halide ion will result in decreased electrostatic interactions with the
CO2 molecule.

Note, we also performed simulations of CO2 sorption in both MPMs using the EPM2 [61] model
and the resulting simulated CO2 sorption isotherms are provided in the Supplementary Information,
Figure S3. The calculated isotherms for this model are comparable to those for the CO2-PHAST
model; both potentials generated uptakes that oversorb experiment at higher pressures. Overall, the
polarizable CO2-PHAST* model produced isotherms that are in closest agreement with experiment.
As a result, the binding sites that are discussed later (in Section 4.3) are based on simulations using
this model.

4.2.3. Isosteric heats of adsorption

The simulated CO2 values for the CO2-PHAST, CO2-PHAST*, and TraPPE models for MPM-1-Cl
and MPM-1-Br are displayed in Figures 6b and 7b, respectively. According to our simulations, the
relative trend in the magnitude of the CO2 Qst values in both MPMs is: TraPPE > CO2-PHAST >

CO2-PHAST*. This is consistent with the pattern that was observed for the simulated uptakes for the
three models in both MPMs. The simulated Qst values for the CO2-PHAST and CO2-PHAST* models
in MPM-1-Cl are in good agreement with experiment as well as each other for all considered loadings.
The TraPPE model Qst values for this MPM are somewhat higher than experiment across the loading
range. The Qst plots for all models in MPM-1-Cl show increasing Qst with higher loadings, which is
consistent with the shape for the experimental plot. Therefore, our simulations captured the expected
cooperative CO2–CO2 interactions in this MPM.

In MPM-1-Br, the Qst values for all models are consistently higher than experiment for all
loadings, with values produced by the polarizable CO2-PHAST* model being closer to experiment.
The experimental Qst values in this MPM begins to increase when the material is partially saturated at
∼1.0 mmol g−1 loading, indicating cooperativity between the CO2 molecules under these conditions.
Unlike in MPM-1-Cl, the Qst plot for all three models in MPM-1-Br does not show much signs of
sorbate–sorbate cooperativity in the material. Rather, the theoretical Qst values slightly decreases with
increasing CO2 uptake, as does the experiment. In addition, the simulated Qst plots level off at a
loading of ∼0.4 mmol g−1, but there is neither a sustained or defined increasing trend in Qst as the
uptakes continue to increase.

The calculated Q0
st values for all three potentials in both MPMs are summarized in Table 1. The

Q0
st values produced by the CO2-PHAST, CO2-PHAST*, and TraPPE models in MPM-1-Cl are 24.33,

22.77 and 26.22 kJ mol−1, respectively, whereas the analogous quantities for the three potentials in
MPM-1-Br are 25.57, 25.02 and 25.40 kJ mol−1, respectively. Simulations using the CO2-PHAST and
CO2-PHAST* potentials suggest that the MPM–CO2 interaction is greater for MPM-1-Br than MPM-
1-Cl. This is in contrast to what was observed for experiment as the empirical Q0

st value for CO2 is
higher for MPM-1-Cl than MPM-1-Br. A potential reason for why our simulations generated a higher
initial loading CO2 Qst value for MPM-1-Br is explained in next section where the binding sites are
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discussed.
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Figure 6. Simulated isosteric heat of sorption (Qst) for (a) C2H2 and (b) CO2 for MPM-1-
Cl compared with experiment. Experiment = solid black line; Simulation = solid blue line
with symbols (C2H2/CO2-PHAST = triangles; C2H2/CO2-PHAST* = stars; TraPPE model
= circles).

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2
C

2
H

2
 uptake (mmol/g)

0

5

10

15

20

25

30

35

40

Q
st
 (

k
J/

m
o

l)

exp. Qst

nonpolar Qst

polar Qst

MPM-1-Br: Q
st
 - Experimental vs. Simulation

C
2
H

2
 Sorption

(a)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
CO

2
 uptake (mmol/g)

0

5

10

15

20

25

30

Q
st
 (

k
J/

m
o

l)

exp. Qst

PHAST Qst

PHAST* Qst

TraPPE Qst

MPM-1-Br: Q
st
 - Experimental vs. Simulation

CO
2
 Sorption

(b)

Figure 7. Simulated isosteric heat of sorption (Qst) for (a) C2H2 and (b) CO2 for MPM-1-
Br compared with experiment. Experiment = solid black line; Simulation = solid blue line
with symbols (C2H2/CO2-PHAST = triangles; C2H2/CO2-PHAST* = stars; TraPPE model
= circles).
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4.3. Binding sites

Pham et al. [41] reported a binding site for CO2 in MPM-1-Cl in which the sorbate molecule aligns
between two chlorine atoms, one that is bound to the copper paddlewheel complex and another which
forms hydrogen-bonding interactions with four hydrogen atoms of two different adenine linkers (see
Supporting Information, Figure S2). Interestingly, this site was minimally observed for simulations in
MPM-1-Br. Indeed, the main binding site for CO2 in MPM-1-Br was actually between two Br atoms
that are coordinated to the Cu2+ ions of two different [Cu2(adenine)4Br2]2+ complexes (Figure 8b).
Notably, the positively charged carbon atom of the CO2 molecule can interact with two electronegative
Br− ions simultaneously. We also observed this site in MPM-1-Cl for the simulations reported herein
(Figure 8a). The larger van der Waals radius of the Br− ions causes this region to be more favorable
for the CO2 molecules in MPM-1-Br than in MPM-1-Cl. This is because the larger size of the bromide
ions will result in greater close-fitting interactions with the sorbate molecules. The CO2 molecule will
exhibit a lower potential energy in the attractive well-depth potential region of both Br atoms as a
result of the larger ionic radius. This could explain why the CO2-PHAST and CO2-PHAST* models
produced CO2 Q0

st values that are greater for MPM-1-Br.

(a) (b)

Figure 8. Molecular illustration of the primary binding site for CO2 observed in (a) MPM-
1-Cl and (b) MPM-1-Br through simulation, which is nestled between two X (X = Cl, Br)
atoms bound to two different [Cu2(adenine)4]4+ complexes. Atom colors are C = cyan; N =

blue; H = white; Cu = brown; Cl = yellow; Br = red.

The electrostatic and electrodynamic (polarizable) effects serve to attract the positively charged
carbon center of the CO2 molecule. The Lennard-Jones mixed σ parameter for Br–C used herein
is ∼3.6 Å, and the measured Br–CCO2 distance at the primary binding site is ∼3.2 Å. The expected
repulsion of the CO2 carbon atom is therefore counteracted by the attraction of the oxygen atoms on
the molecule, which (being further away from the Br atoms) reside in the well-depth region of the
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dispersive potential. In addition, the calculated partial charge for this particular Br atom is −0.51 e−,
which is slightly lower in magnitude than that for the analogous Cl atom in MPM-1-Cl (−0.57 e−)
(see Supporting Information, Table S1). While the lower partial negative charge results in a weaker
attraction between the halogen and the CO2 carbon atom, it also reduces the repulsion experienced by
each electronegative oxygen atom on the sorbate. The net effect of all these interactions is a “balancing
act” between the Br− ions in MPM-1-Br, which is a unique feature compared to the Cl analog.

MPM-1-Cl is able to sorb more CO2 overall than MPM-1-Br as demonstrated through both
experimental measurements [37] and simulation (Figures 4 and 5). This could be due to the higher
magnitude of the partial negative charge of the Cl− ion as mentioned above. Electrostatic interactions
are especially important for CO2 sorption in both MPMs. It appears that the Coulombic attraction
between the electropositive carbon atom of the CO2 molecule and the halide ion increases with
increasing partial negative charge of the anion. Further, the Cl− ions tend to attract more electron
density from the guest molecules via dispersive forces than the Br− ions due to having a higher
electronegativity.

The primary binding site for C2H2 in both MPM-1-Cl and MPM-1-Br is located near the copper
paddlewheel complex, where the sorbate molecule orients parallel to the X–Cu–Cu–X axis (Figure 9).
At this site, the center-of-mass (COM) of the C2H2 molecule is positioned approximately 5.5 and 5.2
Å away from the geometric center of the Cu2+ ions in MPM-1-Cl and MPM-1-Br, respectively. This
particular alignment of the C2H2 molecule about the copper paddlewheels allows the positively charged
H atom on both sides of the sorbate to interact with the electronegative halide ions that are coordinated
to the Cu2+ ions. The negatively charged COM of the C2H2 molecule can also interact somewhat with
the Cu2+ ions of the copper paddlewheels.

(a) (b)

Figure 9. Molecular illustration of the primary binding site for C2H2 observed in (a) MPM-
1-Cl and (b) MPM-1-Br through simulation, which is aligned with the X–Cu–Cu–X (X = Cl,
Br) axis of the dinuclear copper paddlewheel complex. Atom colors are C = cyan; N = blue;
H = white; Cu = brown; Cl = yellow; Br = red.
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Overall, there are more concurrent interactions between the C2H2 molecule and the framework
about the primary binding site in both MPMs relative to that for CO2. Indeed, at the primary binding
site, the C2H2 molecule exhibits two H···X− and two COM(C2H2)···Cu2+ interactions. On the other
hand, there are only two C(CO2)···X− interactions for CO2 at the favorable binding site for this sorbate
in both MPMs. The greater simultaneous interactions for C2H2 in MPM-1-X could explain why both
MPMs display greater affinity and selectivity for C2H2 than CO2. We note that the longer
COM(C2H2)···Cu2+ distance for MPM-1-Cl results in slightly weaker affinity at this site relative to
MPM-1-Br, thus potentially explaining why our simulations produced lower initial C2H2 Qst values
for the Cl analogue.

The results for the classical binding energy calculations from simulated annealing are presented
in Table 2. It is clear from these simulations that both materials favor C2H2 over CO2 (measured as
a single molecule competition), which is consistent with experimental data. The energy minimum
binding sites that were discovered through these simulations are the same as those shown in Figures 8
and 9. As observed in the results for the theoretical Qst values (Table 1), the calculated binding energies
for MPM-1-Br are higher than those for MPM-1-Cl. This is likely due to the higher polarizability of
Br used in these simulations.

Table 2. Classical binding energies (in kJ mol−1) for gases in MPM-1-Cl and MPM-1-Br
as calculated by single-particle simulated annealing using the polarizable models for CO2

and C2H2. The starting temperature for all simulations was 500 K, to ensure free and full
exploration of the phase space of the system.

MPM-1-Cl Binding energy (kJ mol−1) Steps (× 106) Final Temp. (K)
CO2 −26.3 2.37 113
C2H2 −29.9 2.46 125

MPM-1-Br
CO2 −28.2 3.24 129
C2H2 −34.7 4.53 150

5. Conclusions

This study aimed to elucidate the CO2 and C2H2 sorption properties and mechanisms in two
isostructural MPMs, MPM-1-Cl and MPM-1-Br. Our simulations revealed that MPM-1-Cl exhibits a
better overall sorption capacity for both gases than MPM-1-Br, which is consistent with the
experimental measurements reported by Xie et al. [37]. This could be due to a combination of larger
accessible space in the Cl analogue at higher pressures (a consequence of the smaller ionic radius for
Cl−) and/or the fact that Cl is more electronegative than Br, which affords greater electrostatic
interactions with the sorbate. At low loadings, however, the simulations suggest that MPM-1-Br is
slightly more favorable toward both sorbates than MPM-1-Cl. We attribute this to the higher
polarizablility and van der Waals parameters for the Br− ions. Notably, repulsion/dispersion
interactions could dominate the sorption mechanism at such loadings.

It was discovered through our simulations that the primary binding site for C2H2 and CO2 in both
MPMs are notably different between the two sorbates. Particularly, the C2H2 molecule prefers to align
along the X–Cu–Cu–X axis of the copper paddlewheel to allow for favorable H···X− interactions on
each side of the molecule, while the CO2 molecule seems to favor the region between the X− ions of
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two adjacent copper paddlewheel units. Both MPMs appear to be more selective toward C2H2 than
CO2 because there are a greater number of concurrent interactions about the primary binding site for
C2H2.

Herein, we demonstrated how substitution of the halide ion in two isostructural MPMs with the
empirical formula [Cu2(adenine)4X2]X2 affects the gas sorption properties in the material through
molecular simulations. We plan to investigate the CO2 and C2H2 sorption performance in
MPM-1-TIFSIX [42] through theoretical studies in future work.
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