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A B S T R A C T

Three-dimensional graphene-polymer porous materials have been proposed recently as potential adsorbents for
carbon dioxide capture. We report results from molecular dynamics simulations on the adsorption of CO2 gas by
composite systems formed by six different types of polymers. All composites are characterized by a constant
polymer-to-graphene mass-ratio of 1.02 and their capture capacity as a function of the gas pressure is analyzed
relative to the adsorption of nitrogen and methane. The results were then compared to the performance obtained
from a bare-graphene sheet. More specifically, we examined the abilities of hydrogen-bond donor groups, amines
and amides, as well as aromatic rings to promote and discriminate CO2 capture. We find that bare-graphene
displays the highest capacity to adsorb CO2. Nevertheless, increasing the number of amine/amide protic groups
of the polymer augments the adsorption. In fact, the best performing polymer in our study, which contains three
protic groups per monomer, exhibits capture of CO2 almost as good as bare-graphene. Furthermore, these protic
polymers form substantial intra-polymer hydrogen bonds and consequently exhibit cohesive behavior. In these
cases, the aggregation of the polymer resulted in partial exposure of the graphene sheet on which the gas can
adsorb as well. In contrast aprotic polymers, such as poly(styrene) or poly(methyl-methacrylate), spread ex-
tensively on graphene and are characterized by small capacities to adsorb CO2. For all systems studied, CO2 is
adsorbed preferentially relative to N2 and CH4. This preferential adsorption is almost constant as a function of
the gas pressure with values ranging from 2 to 12.

1. Introduction

The rapid economic growth of the last century has been accom-
panied by a dramatic increase in the demand for energy and, as a
consequence, by an increase in the use of fossil fuels. The combustion of
these fossil fuels, which emits to the atmosphere carbon dioxide (CO2),
is probably the single most important factor in the human influence on
climate change [1]. For example in the last sixty years, the concentra-
tion of CO2 in the atmosphere has increased from 314 ppm (parts per
million) to a record high level of 409 ppm [2], correlating with an in-
crement of 1.0 °C in the temperature of the earth's surface [3]. There-
fore, there is an urgent need to reduce the level of carbon dioxide in the
atmosphere.
The challenge of reducing CO2 emissions has been tackled from

different perspectives. These include, improving energy efficiency and
conservation, developing clean coal and natural gas technologies [4],
and using alternative energy sources such as solar, wind, hydro, and
nuclear power [5]. Despite their advantages, all these strategies have
limitations which compromise their applications, and as of yet, cannot

substantially replace the use of fossil fuel. In fact, fossil fuel is predicted
to remain the main source of energy for at least the next two decades
[6].
As a short-term solution, CO2 capture and storage (CCS) is an im-

perative approach for reducing atmospheric CO2 concentration. Three
different CCS strategies are employed in large-scale production plants:
pre-combustion, post-combustion and oxy-fuel combustion. Post-com-
bustion is the most widely used technology because it can be retrofitted
into existing power plants. In this case, there are many technologies for
separating carbon dioxide from the flue gas stream: solvent absorption,
physical adsorption, membrane separation and cryogenic distillation
[7–12]. From these methods, solvent absorption with amine is currently
the dominant separation approach employed, but it presents various
disadvantages, such as amine degradation and the energy required for
the absorbent regenerations [1].
In contrast to solvent absorption, a solid sorbent forms only weak

physical interactions with CO2, therefore its regeneration can be easily
accomplished by swigging the pressure (PSA) or the temperature (TSA)
[13–16]. Large specific surface area, high selectivity and pore structure
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are the general characteristics for selecting good solid sorbents. How-
ever, the choice of which sorbent material to use depends on the type of
combustion strategy (pre-, post- or oxy-fuel combustion) used for the
formation of CO2 [1]. Each strategy creates different conditions (e.g.,
temperature, pressure, CO2 content and presence of other type of
gases), which influence the carbon dioxide adsorption. For example, in
the case of post-combustion the separation of the coal-fired flue gas
involves CO2/N2, whose pressure is normally at 1 bar and the operating
temperature is between 40 °C and 80 °C. In pre-combustion, the se-
paration of CO2 is from either H2 or CH4 at 30 bar and 40 °C [13].
Moreover, the flue gas resulting from post-combustion process contains
10–15% of CO2, whereas the pre-combustion technology produces a gas
mixture composed of the 38% of CO2 [6]. Obviously, an ideal adsorbent
should have good stability and adsorption efficiency under a wide range
of process conditions. Currently, typical materials for a solid sorbent
include activated carbon, silica, aerogels, zeolites, metal-organic fra-
meworks and porous materials like amine-based sorbents [17,18].
Nonetheless despite the variety of porous solids available, there is a
need for better sorbents because they do suffer from several drawbacks:
difficulty to handle the solids, slow adsorption rate, low CO2 selectivity,
as well as chemical, thermal and mechanical instability during the
processing cycles [6].
Recently, graphene has attracted considerable amount of attention

due to its single-atom thickness coupled to impressive thermal, elec-
trical, optical, and mechanical properties [19–22]. It is recognized also
as a powerful adsorbent because its electronic structure is responsible
for establishing strong London dispersion forces with molecules si-
tuated at its surface [23]. More specifically, graphene exhibits a good
adsorption strength for CO2, stronger than for CH4 and N2 [24]. A
graphene sheet is essentially a two-dimensional (2D) material, and
while this geometry offers a large and easily-accessed surface area, the
amount of active material per projected area is low. This ratio can be
increased substantially by constructing three-dimensional (3D) gra-
phene-based architectures. Such a structure can be obtained by self-
assembly of graphene nano-sheets in solution followed by drying-out
the aqueous phase [25]. The resulting structure is 3D porous and has
been explored in many applications such as batteries, sensors, catalysts,
and absorbents [26]. However, adsorption of polymer nanoparticles on
the graphene surface was found to be necessary to improve consistency,
durability and mechanical resistance [27]. The amount of polymer
needed is often determined by trail and error, however, in all cases the
polymer does not need to cover the whole graphene exposed area. The
resulting graphene–polymer composites are potentially very attractive
for CO2 capture because of the relative simplicity of their re-activation.
This is a result of their excellent stability in cycle operations, non-
covalent CO2-graphene interactions, and fast kinetics that allow easy
recuperation of the adsorbent [28–32]. Nevertheless, the properties of
these graphene–polymer composites depend on the type of polymer
adsorbed. Incorporating different functional groups into the polymer
can modulate the interaction of the polymer with graphene or with
external molecules [27]. It has been demonstrated that the presence of
functional groups containing heteroatoms, in particular nitrogen and
oxygen, in the polymer composition strengthen CO2-polymer interac-
tion energy via either dipole-quadrupole or hydrogen-bonding inter-
actions, or both [13]. This strategy has often been exploited to improve
the gas sorption of materials for low pressure capture applications, such
as those relevant in flue streams and for capture from ambient air
[24,33]. We would like to emphasize that these graphene–polymer
composites exhibit superior capacity for CO2 capture relative to, un-
modified or chemically-modified, activated-carbon materials [34–36].
In recent years various computational studies addressed the capture

of CO2 gas, alone or in a mixture, by different types of sorbents [37–47].
In this work we perform atomistic molecular dynamics simulations
(MD) to investigate the capture of CO2 gas by several graphene–po-
lymer composite systems and characterize the discrimination with re-
spect to the capture of N2 and CH4. Six different types of polymers, with

polymer/graphene mass ratio of one, are considered and their perfor-
mance is compared to that of a bare-graphene system. We find that the
adsorption of CO2 increases with the increase in the number of protic
groups in the polymer such as amines and amides. The number of protic
groups in the polymer also determine the morphology of the polymer
on graphene; those with large numbers tend to self-aggregate whereas
those lacking such groups spread homogeneously on the graphene
surface. For all graphene–polymer composites, the adsorption of CO2 is
favored relative to N2 and CH4.

2. Methods

We performed molecular dynamics simulations to model the ad-
sorption of a mixture of three gases, CO2, N2, and CH4 at graphene–-
polymer (GP) composite surfaces. Six different polymers, drawn in
Fig. 1, were considered: poly(methyl methacrylate) (PMMA), poly(2-
aminoethyl methacrylate) (PEAM), poly(3-diamin-(aminomethyl)
propyl methacrylate) (DAPM), poly(aniline methacrylamide) (PAAM),
poly(N-(3,5-diaminophenyl)methacrylamide) (PDAFMA), and poly
(styrene) (PS). All these polymers are either in common use or expected
to provide suitable stability of the graphene material in process cycles
[25]. For comparison, we also conducted simulations in the absence of
any polymer (referred to as bare-graphene simulations).
A rectangular-shaped box with dimensions of 24.065 nm, 24.668

nm, 64.000 nm, along the x-, y-, and z-axes was used for the simula-
tions. Although, periodic boundary conditions were applied in all three
directions, they effectively acted only across the x-, and y-axes. The
simulation box consisted of two non-interacting graphene sheets, peri-
odic in the xy-plane, located at z1= 2.0 nm and z2= 62.0 nm. In order
to prevent translations of the graphene sheets, the positions of their
carbon atoms were restrained along the z-axis by a harmonic potential
with a force constant of 1000 kJ/(mol·nm2). Each chain of polymer
consists of seven monomer units. This length is much smaller than those
used in experiments, however, in simulations its advantage is in pro-
viding the polymer substantially shorter relaxation times. The differ-
ence in the size of the polymer are not expected to influence the
strength of the interactions between the composite and the gases,
nevertheless, it can affect the adsorbed morphology of the polymer.
Equal amount of polymer chains were randomly distributed on both
graphene sheets, on the (inner) sides that are facing each other via the
larger distance (z2− z1= 60.0 nm). Accordingly, the mixture of gases
was placed in that region as well. Experimentally, properties of a GP
composite are influenced by the ratio of the polymer mass to that of
graphene, mp/mG. Therefore, we constructed all systems to have the
same polymer/graphene weight ratio, chosen to be equal to
1.020 ± 0.002. Because the size of the graphene sheets were the same
in all systems, this meant that the number of polymer chains was dif-
ferent for the different systems (Table 1).
The gas mixture contained equal number of molecules of each gas in

the system, No
CO2 = No

N2 = No
CH4 =

1
3
Nogas. For each type of graphe-

ne–polymer system we conducted nine simulations with different
numbers of Nogas. When the system reached equilibrium, we calculated
the number of molecules, and from this the density, of each gas in the
bulk phase of the simulation box (see Tables S1, S2, and S3). A gas
molecule is considered to be in the bulk region if its z-coordinate of its
center of mass (com) satisfies, (z1 + 4.0 nm)< zgas< (z2 - 4.0 nm). The
distance of 4.0 nm away from the graphene sheet was determined by
the onset of a homogeneous (constant) behavior of the density profile
for all gases. This bulk density was then used to determine the partial
pressure, from the pressure–density curves (see below), each gas ex-
erted on the GP surface. A gas molecules is counted as adsorbed to the
graphene sheet if the distance from its com to the graphene com, along
the z-axis, is smaller than 0.55 nm. This cutoff value roughly corre-
sponds to the first minimum in the density profiles (see Fig. 6), and
captures almost entirely the unimodal distribution of the bare-graphene
system. Accordingly, a gas molecule is considered adsorbed to the
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polymer if the distance from its com to any atom of the polymer is
smaller than 0.55 nm. The amount of gas molecules adsorbed at the GP
composite surface is expressed by its two-dimensional mass density,
ρ2D=m/A, where m is the mass of the adsorbed gas and A is the area of
the two graphene sheets. Two molecules were considered to be hy-
drogen bonded if the donor–acceptor distance is smaller than 0.35 nm
and the hydrogen–donor–acceptor interaction angle is smaller than 30°
[48]. Figure S1 displays a snapshot of the entire simulation box of one
of the G-PDAFMA systems.
All simulations were performed in the canonical ensemble (NVT)

using the molecular dynamics package GROMACS version 4.6.5 [49].
The simulation box was fixed during the simulations and a constant
temperature of 300 K was maintained by the velocity rescaling ther-
mostat [50] with a coupling time of 0.1 ps. The time step for integrating
the equations of motion was set to 2 fs. Bonds stretching and angles
bending were described by harmonic potentials. Lennard–Jones (LJ)
interactions between unlike atoms were computed using the geometric
combination rules of the OPLSAA force-field. The GP composite systems
were subjected to a relaxation time of 40 ns, except those with
Nogas=2700 where the equilibration time was extended to 60 ns. Due to
absence of polymer chains in the bare-graphene system, these

simulations reached equilibrium much faster and therefore the relaxa-
tion time was shortened to 30 ns. Then, all simulations were continued
for additional 10 ns of data collection. Figure S2 displays the con-
vergence properties of the G-PAAM system examined by the density
profiles along the z-axis of the polymer and CO2 gas molecules.

2.1. Interactions parameters

A carbon dioxide molecule was represented by the TraPPE model
[51] for which the non-bonded interactions are specified in Table 2.
In this case, the Lorentz–Berthelot combination rules were used. The

carbon-oxygen covalent bond [52] is 0.116 nm long with a force con-
stant of 476976 kJ/(mol· nm2). We adopted a force constant of 1236
kJ/(mol·rad2) for the linear O–C–O bond angle from the EPM2 model
[53]. The three-site model of Murthy et al. [54] was utilized to describe
a nitrogen molecule (see Table 2). In this model, a positively-charged
massless virtual site (MW) is symmetrically placed between the two
nitrogen atoms. The covalent bond between the two nitrogens is char-
acterized by an equilibrium distance of 0.1098 nm and a force constant
[55] of 138570 kJ/(mol·nm2). A methane molecule was represented by
the OPLSAA force-field [56]. To validate the force-fields described
above for CO2, N2, and CH4 gases we performed a series of MD simu-
lations in the NVT ensemble, modeling the homogeneous gas phase, for
each of these gases. Seven different densities were considered for which
the pressure was calculated and compared against experimental data
[55] obtained from the van der Waals equation of state (see Table S4).

Fig. 1. The chemical structure of the polymers considered in
this study. The abbreviated names given correspond to,
PMMA: poly(methyl methacrylate), PEAM: poly(2-aminoethyl
methacrylate), DAPM: poly(3-diamin-(aminomethyl)propyl
methacrylate), PAAM: poly(aniline methacrylamide),
PDAFMA: poly(N-(3,5-diaminophenyl)methacrylamide), and
PS: poly(styrene).

Table 1
The number of chains of each polymer (each chain contains seven monomer
units), their total mass, mp, and the polymer/graphene mass ratio, mp/mG,
which is designed to be constant for all systems. In all simulations, including
those with bare graphene, the number of carbon atoms of the two graphene
sheets is 45472 corresponding to a mass of 9.070×10−19 g.

Polymer Nchains mp [10−19 g] mp/mG

PMMA 808 9.242 1.019
PEAM 624 9.244 1.019
DAPM 492 9.264 1.021
PAAM 480 9.257 1.021
PDAFMA 420 9.252 1.020
PS 760 9.234 1.018

Table 2
The non-bonded parameters for the models of carbon dioxide and nitrogen
gases.

q[e] σ [nm] ϵ [kJ/mol]

C (CO2) +0.70 0.280 0.224
O (CO2) −0.35 0.305 0.657
N (N2) −0.482 0.3318 0.303
MW (N2) +0.964 0.0000 0.000
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Fig. 2. Snapshots of the structural organization of the dif-
ferent polymers on the graphene sheet. The figures display
top-views, of the last configuration, on one of the two gra-
phene–polymer interfaces taken from simulations with a par-
tial pressure of CO2 at, approximately, 1 bar. For clarity, none
of the gas molecules present in the system are displayed.
Graphene is shown as black sticks. Polymers are represented
as spheres, where hydrogens are colored in white, oxygens in
red and nitrogens in blue. Carbon atoms have different colors
in each polymer (orange for PMMA, green for PEAM, cyan for
DAPM, yellow for PAAM, pink for PDAFMA, and violet for
PS).

Fig. 3. (a) The number of polymer–polymer hydrogen bonds, per polymer molecule, and (b) the potential energy between the polymer and the graphene sheet, as a
function of the partial pressure of CO2.
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The results, which are shown in Fig. S3, indicate these models rea-
sonably predict the gas pressure, albeit consistently underestimating its
value.
Details of the parameters used to model the flexible graphene sheets

(thus including bond stretching and angle bending) are described in a
previous simulation study [57], in which the LJ parameters of the
carbon atoms, σCC= 0.3851 nm and ϵCC= 0.4396 kJ/mol, were para-
meterized to mimic single-walled carbon nanotubes [58]. The model for
PS, taken from our previous work [59], together with the models of the
other polymers, constructed for this study, are specified in the Sup-
plementary Material.

3. Results and discussion

First we examine the morphologies formed by the different poly-
mers when adsorbed on the graphene sheet. Top-view snapshots of the
composite systems are shown in Fig. 2. PS and PMMA cover completely,
or almost completely, the graphene sheet. In contrast, the other gra-
phene–polymer composites display different degrees of aggregation of
the polymer. From this point of view, the polymers can be grouped into
those with moderate degree of aggregation (PEAM and PAAM) and
those with strong degree of aggregation (DAPM and PDAFMA). The
extent of aggregation is a result of the interaction energy between the
polymer chains relative to the interaction between the polymer and
graphene. Not surprisingly, each of the monomers of PEAM and PAAM
contains one amine group whereas those of DAPM and PDAFMA con-
tain two amine groups. These amine groups are able to form hydrogen
bonds with one another which strengthen the polymer–polymer

attraction at the expense of the lost polymer–graphene energy, a pro-
cess accompanying the course of aggregation. Note that the amide
groups of the polymer play a minor role in the polymer–polymer hy-
drogen bonds because of their proximity to the backbone chain. We
calculate the number of hydrogen bonds formed between and within
the polymer chains in Fig. 3a. The above mentioned grouping of the
polymers (according to their degree of aggregation) is apparent in this
figure as well. Because PS and PMMA do not contain suitable groups for
hydrogen bond formation their corresponding values are zero by defi-
nition. DAPM and PDAFMA form similar numbers of intra-polymer
hydrogen bonds which are about twice as much as those formed by
PEAM and PAAM. Obviously, larger numbers of hydrogen bonds within
the polymer strengthen the polymer–polymer interaction energy and
will induce aggregation and intrusion into the gas bulk phase. As a
consequence, the strength of the interaction of the polymer with the
graphene sheet will display the inverse order, as found in Fig. 3b. PS
and PMMA have the strongest adsorption energy with graphene
whereas PDAFMA and DAPM display the weakest adsorption, a trend
that correlates well with the formed morphologies shown in Fig. 2. It is
worth noting that in PS the phenyl aromatic rings are oriented per-
pendicular to the graphene sheet as the backbone chains lie flat on the
surface. This is shown in a snapshot in Fig. 4 and by the distribution of
the angle between the plane of the phenyl ring and the graphene's
plane. The distribution has a pronounced maximum at 90° and small
maxima at 20° and 160°. The latter two maxima result because the first
phenyl in the chain is able to orient almost parallel to the surface.
The ability of the proposed graphene–polymer composite surfaces to

capture CO2 gas at 300 K is shown in Fig. 5. In Fig. 5a this is expressed
by the two-dimensional mass-density of adsorbed CO2, averaged over
the two composite surfaces in the simulation box, as a function of its
partial pressure. These adsorption isotherms indicate that bare-gra-
phene has the highest capability to adsorb CO2, slightly better than the
best performing graphene–polymer composite system, G-PDAFMA. The
other graphene–polymer systems exhibit the following decreasing order
of performance in adsorbing CO2 gas: G-PAAM>G-DAPM>G-
PEAM>G-PMMA>G-PS. The percentage of CO2 molecules adsorbed
at the surfaces relative to the total number of CO2 molecules is shown in
Fig. 5b. This percentage ranges from 83% to 18% and decreases sub-
stantially with the increase in the partial pressure. The latter is mani-
festation of interactions between the adsorbed molecules. Nevertheless
for the G-PS system, which exhibits the lowest ability to adsorb CO2, the
decrease is very mild. In this case, the adsorption isotherm is almost
linear and is analogous to Henry's law of the amount of gas dissolved in
a liquid.
In order to investigate the way CO2 molecules are adsorbed at the

graphene–polymer surfaces, we plot in Fig. 6 the density profile of the
CO2 molecules along the z-axis (normal to the graphene sheet) for
systems with =N 2700o

CO2 yielding partial pressures in the range of 1–2
bar. Except for G-PS and G-PMMA, the first peak away from the gra-
phene sheet is by far the most dominant. For bare-graphene, the dis-
tribution is unimodal indicating the formation of only monolayers. This
is also true for bare-graphene systems with larger numbers, or higher
partial pressures, of CO2 (profiles not shown). The location of this first
peak, 0.35 nm away from the average positions of the carbon atoms of
graphene, points to van der Waals contacts. For the graphene–polymer
systems, there is a second peak which is broad and for some systems
there is even a third peak or a shoulder at distances 0.70–0.96 nm away
from graphene. For G-PS the integral of the second and third peaks is
significantly larger than that of the first peak, whereas for G-PMMA
these integrals are comparable. These second and third peaks originate
due to adsorption of CO2 either inside (i.e. absorption) or at the outer
surface of the polymer and are not an indication of multilayer formation
of adsorbed CO2 even at the highest gas pressure studied. The systems
with the added polymer exhibit also a slow decay of the CO2 density
along the z-axis and only at around 4.0 nm away from the graphene
sheets, does the density adopt a constant value characterizing the ’bulk-

Fig. 4. Top panel: top-view of the poly(styrene) chains on graphene. The phenyl
rings are colored in magenta and the backbones in blue. For clarity, all gas
molecules were removed from the figure. Lower panel: normalized distribution
of the angle, ϕ, between the plane of the phenyl ring and the z-plane, at four
different partial pressures of CO2.
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region’ in the simulation box. This slow decay results from the ad-
sorption to the polymer and its range coincides with the extent of
polymer intrusion into the gas phase.
Thus, the CO2 molecules are adsorbed to the graphene sheet as well

as to the chains of the polymer. Nevertheless, although the adsorption
to the graphene and the polymer can be done independently, CO2
molecules are also adsorbed simultaneously to both. In Fig. 7 we display
a snapshot of the graphene–polymer interface isolating six CO2 mole-
cules that exhibit the three different adsorption modes. Adsorption
only-to-graphene, as well as, simultaneous adsorption to graphene and
polymer give rise to the first peaks in Fig. 6. In the latter the polymer
covers the adsorbed molecules, thereby, increasing the adsorption en-
ergy and at the same time reducing the graphene–polymer attraction. In
the adsorption only-to-polymer, the gas molecules are adsorbed at the
surface of, or absorbed inside, the polymer. The population of each
adsorption mode is plotted in Fig. 8 which demonstrates there is a large
difference between the adsorption mechanism of G-PS and G-PMMA to
that of the other graphene–polymer systems. G-PS displays a negligible
adsorption via the only-to-graphene mode for all partial pressures of
CO2. For G-PMMA, there is a sharp decrease in the adsorption of only-
to-graphene, after which the contribution of this adsorption mode is
also negligible. This behavior of the G-PS and G-PMMA systems arises

because these polymers spread extensively on the graphene sheet
(Fig. 2). Consequently for these two polymer systems, the largest con-
tribution for CO2 adsorption comes from the only-to-polymer mode. For
the other graphene-polymer composite systems, all three adsorption
modes contribute substantially. In most cases, the only-to-graphene
mode has the largest contribution. The other two adsorption modes are
more or less comparable in their populations, where the only-to-
polymer and the simultaneous adsorption modes slightly increases and
slightly decreases, respectively, with the partial pressure.
As it was shown above, the density of the amine groups of the

polymer chains influences the morphology of the assembly on the
graphene sheet. However, the main purpose for introducing this group
is its potential ability to form hydrogen bonds with the CO2 molecules.
In Fig. 9a we present the number of hydrogen bonds the polymer forms
with carbon dioxide. The graph indicates that the larger the number of
these hydrogen bonds the larger the capacity of the graphene–polymer
composite systems to capture CO2 gas as calculated in Fig. 5. For the
polymers considered in this study, larger number of amine groups re-
sulted in more hydrogen bonds. Note that PAAM and PDAFMA contain
also amides groups capable of donating and accepting hydrogen bonds.
In fact, the contribution of these amide groups to the total number of
hydrogen bonds formed between the polymer and the CO2 molecules is

Fig. 5. Adsorption isotherms of CO2 gas on graphene–polymer composite surfaces, as well as for bare graphene sheet, at 300 K. (a) The two-dimensional density of
the CO2 gas adsorbed. (b) The percentage of the number of CO2 molecules adsorbed at the surface relative to the total number of CO2 in the system. Both graphs are
plotted as a function of the partial pressure of CO2 in the system.
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Fig. 6. Upper panel: The density profile of the CO2 molecules along the z-axis for different graphene–polymer composite systems with No
CO2=2700. These profiles

were averaged over the two surfaces in the simulation box by folding the center of mass of the second graphene sheet (at z2=62.0 nm) onto the first one at z1=2.0
nm. Lower panel: A zoom-in of the density profiles displaying the second peaks due to adsorption to the polymers.

Fig. 7. A snapshot of a segment of the simulation box for the
graphene-PDAFMA composite system displaying three dif-
ferent types of adsorption of CO2 gas at the interface.
Adsorption only to the graphene sheet (a), only to the polymer
(b), and simultaneously to the graphene and the polymer (c).
The graphene sheet is shown as black rods, the polymer atoms
as pink spheres, and the carbon dioxide molecules as white
and red spheres. For clarity, nitrogen and methane gases, as
well as other CO2 molecules, were removed.
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significant (see Fig. S4). Thus the amine and amide groups, both,
augment the capture of CO2 gas, the latter by direct interactions,
whereas the former also by aggregation, exposing areas of bare-gra-
phene that relative to the graphene–polymer models considered here
exhibit the highest performance in adsorbing CO2 gas. As expected, the
curves in Fig. 9a show saturation behavior at higher pressures because
of a decrease in available hydrogen bond donors. In Fig. 9b, we display
the ratio of the number of hydrogen bonds to the number of CO2 mo-
lecules adsorbed only to the polymer. This ratio is larger than one for G-
PDAFMA and G-DAPM at low pressures because one CO2 molecule can
form two (or theoretically more) hydrogen bonds to the amine groups
of the polymer. At these low partial pressures, it is evident that the
adsorption to the polymer via a hydrogen bond(s) is the predominant

mechanism for all systems. As the partial pressure of CO2 increases, the
extent of adsorption by nonspecific dispersion interactions increases as
well, again because of saturating the hydrogen donor sites. Fig. 10
displays three snapshots from the simulation of G-PDAFMA system
depicting an adsorbed carbon dioxide molecule forming two, one, and
zero hydrogen bonds.
As mentioned in the Methods section, in all systems the carbon di-

oxide gas is placed together with nitrogen (N2) and methane (CH4)
gases, all with equal number of molecules. This is because optimized
removal of CO2 has to discriminate the binding to this gas with respect
to binding other gases present in the air to be purified. Nitrogen is
naturally present in the atmosphere in a large quantity and methane is
one of the products of fuel combustion. Fig. 11 displays the percentage

Fig. 8. The decomposition of the adsorbed CO2 molecules into the different modes of adsorption. The graphs exhibit the fraction of carbon dioxide molecules
adsorbed (a) only to the graphene sheet, (b) only to the polymer, and (c) simultaneously to the graphene and the polymer, relative to the total number of CO2
adsorbed.
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of the adsorbed molecules for these two gases as a function of the
partial pressure of each gas. In these cases the amounts of gases ad-
sorbed are smaller than in the case for CO2, ranging from 55% down to
15%. Again, the constant values exhibited by G-PS, and by G-PMMA
above 1 bar, indicate the adsorbate molecules behave ideally and do not
interact with one another. The decrease exhibited by the G-PMMA
system up to around 1 bar is because at very low pressures the

adsorption due to only-to-graphene mode saturates very quickly. This is
because in this system the area of exposed graphene is very small. Once
the binding sites on the exposed graphene are saturated, there is an
onset of adsorption only to the polymer (a similar behavior occurs for
the adsorption of CO2 shown in Fig. 5b and explained by the changes of
the different adsorption modes shown in Fig. 8). In Fig. 12 we calculate
the selectivities of the adsorption. We adopt the formalism of

Fig. 9. The number of hydrogen bonds between the polymer and CO2 molecules. (a) Absolute numbers, and (b) the ratio relative to the number adsorbed by the only-
to-polymer mode, as a function of the partial pressure of CO2.

Fig. 10. Snapshots from the simulation of the
G-PDAFMA composite system showing a CO2
molecule in a ball and stick representation that
is: (left) bound simultaneously to graphene and
polymer and forms two hydrogen bonds,
(middle) bound at the air/polymer interface
and forms one hydrogen bond, (right) ab-
sorbed inside the polymer by nonspecific in-
teractions (zero hydrogen bonds).
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preferential binding [60] and plot the excess number of CO2 molecules
adsorbed to the graphene–polymer composite, CO2 , by

=x
N

N
( ) x

x
CO

CO

CO
2

2

2 (1)

where θi is the number of molecules of gas i adsorbed to the composite.
These numbers of adsorbed gas molecules are then divided by the
corresponding numbers in bulk, Ni, to yield a measure of the excess
( > 1CO2 ) or depleted ( < 1CO2 ) number of adsorbed CO2 molecules
relative to a random distribution, i.e., relative to the number that would
be observed if there was no preference in binding of the two gases to the
composite ( = 1CO2 ). The results are shown in Fig. 12 with respect to
(a) x=N2 and (b) x=CH4. For all graphene–polymer composites, CO2
gas is adsorbed preferentially relative to nitrogen and methane. The

curves are more or less constant as a function of the amount of gas in
the system with values ranging from 2 to 7. This constant behavior is
expected. If uGP−i is the interaction energy between the composite and
gas i, per gas molecule, and µi

0 is the standard chemical potential of gas
i, then it can be shown [61] that,

= +x µ µ u uln ( ) ( ) ln ( )x
x

xCO CO
0 0 CO ,ads

,ads
GP CO GP2 2

2
2 (2)

where i,ads is the single-site molecular partition function, summed
over internal energies, of adsorbate i, and β is 1/kBT. Thus, the pre-
ferential adsorption of CO2 is independent of Nogas.
Nevertheless, there are some deviations from a constant behavior,

especially for the bare-graphene system. Although, we did not evaluate
the first term on the right-hand side of Eq. (2), we attribute these

Fig. 11. The adsorption of the other two gases in the system. The figure displays the percentage of the number of gas molecules adsorbed at the graphene–polymer
composite surface relative to the total number of these gas molecules in the system, plotted as a function of the partial pressure of the gas. (a) For nitrogen and (b) for
methane.
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deviations for the breakdown of the non-interacting adsorbing-sites
approximation on bare-graphene [62]. In fact, as the pressure increases,
there are increasing interactions between the adsorbate molecules
which ultimately form clusters. Fig. 13 displays the probability dis-
tribution of forming clusters of different sizes for the three gases. CO2
has the highest probabilities to form clusters and it also forms clusters
with sizes much larger than N2 and CH4. A snapshot representing this
behavior of carbon dioxide on bare-graphene for the system with the
densest gas is shown in Fig. 14. We argue, that the reason adsorbed CO2
molecules display extensive clustering relative to the other two gases is
because they are characterized by a large quadrupole moment and with
a proper arrangement on a two-dimensional surface, they can interact
favorably with one another via electrostatic interactions. Note that the
electric quadrupole moment for methane is zero and for nitrogen is
about a third of that of carbon dioxide [63].
Fig. 12 indicates that the preferential adsorption of CO2 on bare-

graphene relative to N2 is much larger than that relative to CH4. We

calculated uGP−i by energy minimization of a single gas molecule on a
graphene sheet and found it to be, 25.1, 13.3, and 16.5 kJ/mol for
i=CO2, N2, and CH4, respectively. Thus qualitatively, the preferential
adsorption correlate with the binding energies. We can then calculate
the undetermined term µ µ( ) lnxCO

0 0
x2

CO2,ads

,ads
in Eq. (2) and obtain

-2.3 and -2.0 for the relations involving N2, and CH4, which are very
similar values. Thus for these gases on bare-graphene, the changes in
preferential adsorption is predominantly determined by the different
binding energies. For the systems with the polymers, the binding en-
ergies and the molecular partition functions of the adsorbed gas need to
be calculated for each adsorption mode (Fig. 8) separately, thereby,
impeding easy evaluation of the preferential adsorption.

4. Conclusions

Three-dimensional porous material made by self-assembly of gra-
phene sheet can be a very good adsorbent for the capture of CO2.

Fig. 12. The selectivity of the graphene–polymer composite surface to adsorb CO2 relative to the adsorption of (a) nitrogen and (b) methane at 300 K. These
selectivities are expressed as the ratio of the number of molecules of the two gases adsorbed at the interface divided by the corresponding ratio in bulk (see Eq. (1))
and plotted against the number of molecules of each gas in the system (NCO2=NN2=NCH4).
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However, improved mechanical properties of this porous structure re-
quire the presence of polymer latex generating a graphene–polymer
composite material. In this paper we investigated, from a physico-
chemical point of view, several polymers to generate such composite
systems that maximize the capacity to adsorb CO2 molecules.
Furthermore, the ability of the composite materials to discriminate
against the binding of potentially competing gases, N2 and CH4, is ex-
amined as well. We address these questions by all-atom molecular dy-
namic simulations in the canonical ensemble. In this case, the compo-
site material is in direct equilibrium with the gas mixture which consist
of equal number of CO2, N2 and CH4 molecules. Obviously, a strong
binding energy between the polymer and CO2 will favor the adsorption.
For this reason, we consider the incorporation of protic groups into the
polymer such as amines and amides. In addition, a benzene ring can

interact favorably with CO2 due to dispersion interactions and therefore
its incorporation into the proposed polymers was tested as well. The
performance of the graphene–polymer systems was compared with
those of bare-graphene which actually exhibited the best capacity to
adsorb CO2 molecules. Nevertheless, the graphene–polymer system that
performed the best was only slightly below that of bare-graphene.
Despite the fact that for all systems, the ratio between the mass of

the polymer to that of the graphene sheet was constant, the different
polymers considered adsorbed onto the graphene sheet with different
morphologies. The main factor determining the assembled structure
was the number of protic groups of the polymer. The larger the number
of these groups, the stronger the cohesive forces (due to intra-polymer
hydrogen bonds) and the stronger the aggregation. As a consequence,
there is a partial exposure of graphene on which the gas can adsorb as

Fig. 13. Normalized distributions of the size of clusters
formed by gas molecules adsorbed on graphene (for the si-
mulations with bare-graphene) at four different bulk gas
densities, spanning the whole range of pressures. More spe-
cifically, the analysis was performed for the simulations with
(a) 200, (b) 1400, (c) 3500, and (d) 7000, molecules of each
gas (see Tables S1–S3). Two molecules are considered bound
to each other if their distance between their centers of mass is
smaller than 0.5 nm (which is around the first minimum in the
corresponding radial distribution functions). Note that at low
densities, the majority of the molecules do not form clusters
(cluster-size = 1).
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well. Such behavior of the graphene–polymer system induces three
types of adsorption modes, whose relative populations depend on the
properties of the polymer.
We find that aprotic polymers capture the lowest amount of CO2.

This is because these polymers ’wet’ very well the surface of graphene
and their dispersion interaction with CO2 is relatively weak. In contrast,
composites with protic polymers perform better and the adsorption of
CO2 increases with the number of protic groups (such amines and
amides) in the polymer. This is in agreement with recent experimental
results on the capture of CO2 by amine infused hydrogels [64]. The
contribution of hydrogen bonds to bind CO2 to the polymer is very high
at low pressures and decreases with increasing the gas pressure while
nonspecific interactions become increasingly more abundant. For all
systems considered in the simulations, CO2 binds to the adsorbent in
excess relative to N2 and CH4. Above a critical gas pressure in the bare-
graphene system, the adsorption of CO2 molecules involves formation
of clusters whose size and population increase with the pressure.
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Table S1: The density of CO2 gas, in kg/m3, in the bulk region of the simulation box for the

different polymer-graphene composite systems as well as for bare graphene. No
CO2 is the total

number of carbon dioxide molecules in the simulation box.

NoCO2 G G-PMMA G-PEAM G-DAPM G-PAAM G-PDAFMA G-PS

200 0.097 0.158 0.128 0.095 0.092 0.071 0.532

400 0.179 0.382 0.269 0.214 0.185 0.152 0.769

700 0.323 0.702 0.494 0.396 0.356 0.300 1.346

1400 0.722 1.945 1.120 1.009 0.937 0.792 2.352

2100 1.170 3.076 1.928 1.683 1.592 1.294 4.039

2700 1.663 3.926 2.789 2.470 2.399 1.875 5.194

3500 2.423 5.111 3.903 3.360 3.365 3.228 6.732

5250 4.547 8.199 6.526 6.186 5.578 5.065 9.171

7000 7.078 11.272 9.152 8.601 8.267 8.161 12.389
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Table S2: The density of N2 gas, in kg/m3, in the bulk region of the simulation box for the different

polymer-graphene composite systems as well as for bare graphene. No
N2 is the total number of

nitrogen molecules in the simulation box.

NoN2 G G-PMMA G-PEAM G-DAPM G-PAAM G-PDAFMA G-PS

200 0.204 0.205 0.189 0.175 0.139 0.130 0.127

400 0.404 0.429 0.377 0.367 0.292 0.277 0.490

700 0.706 0.760 0.686 0.648 0.537 0.522 0.857

1400 1.416 1.599 1.425 1.359 1.157 0.744 1.754

2100 2.146 2.435 2.193 2.103 1.883 1.849 2.571

2700 2.796 3.139 2.876 2.798 2.492 2.465 3.305

3500 3.718 4.086 3.816 3.690 3.395 3.533 4.285

5250 5.801 6.216 5.814 5.655 5.216 5.164 6.616

7000 7.956 8.322 7.871 7.738 7.298 7.631 8.810
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Table S3: The density of CH4 gas, in kg/m3, in the bulk region of the simulation box for the

different polymer-graphene composite systems as well as for bare graphene. No
CH4 is the total

number of methane molecules in the simulation box.

NoCH4 G G-PMMA G-PEAM G-DAPM G-PAAM G-PDAFMA G-PS

200 0.097 0.117 0.108 0.096 0.098 0.090 0.065

400 0.179 0.249 0.213 0.200 0.178 0.176 0.280

700 0.323 0.445 0.375 0.367 0.359 0.330 0.491

1400 0.722 0.993 0.812 0.815 0.792 0.744 0.982

2100 1.170 1.502 1.320 1.280 1.277 1.171 1.473

2700 1.420 1.923 1.771 1.733 1.741 1.555 1.893

3500 2.423 2.507 2.342 2.273 2.303 2.408 2.454

5250 4.547 3.816 3.669 3.646 3.582 3.489 3.846

7000 7.078 5.112 4.945 4.901 4.868 5.072 5.154
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Figure S1: A snapshot of the last configuration of the G-PDAFMA composite system with
1
3
No

gas=2700. Graphene is shown as black sticks, the polymer is colored in magenta with a sphere

representation. Gas molecules are displayed as spheres, where hydrogens are colored in white,

oxygens in red, nitrogens in blue and carbons in gray.
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Figure S2: Convergence properties of the G-PAAM system with No
gas=2700 as monitored by the

density profile along the z-axis of (a) the polymer and (b) the CO2 gas. The different curves are

calculated for 10 ns consecutive segments of the 70 ns trajectory. Note that the CO2 gas next to

the other graphene sheet reached convergence even faster.
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Figure S3: Pressure-density curves from simulations at 300 K of a homogeneous one-component

bulk gas system for the CO2, N2, and CH4 models employed in this study. The corresponding van

der Waals equations of state, in which the a and b parameters were fitted to experimental results

(see Table S4), are plotted for comparison. The NVT simulations were performed with a cubic

box of 40.0 nm length for all densities. The random starting positions of the gas molecules were

equilibrated for a time period of 30 ns with an additional 10 ns of data collection step. Other

simulation details were the same as those described for the graphene-polymer composite systems.

Table S4: The experimentally determined coefficients1 of the van der Waals equation of state,

p = nRT/(V − nb) − an2/V2, for CO2, N2, CH4. In this equation, p, V, T, n, and R, are the

pressure, volume, temperature, number of moles, and the gas constant, respectively.

a [atm·L2·mol-2] b [10-2·L·mol-1]

CO2 3.610 4.290

N2 1.352 3.870

CH4 2.273 4.310
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Figure S4: The contribution of the amide group in PAAM and PDAFMA (the group connecting

the backbone to the aromatic rings) to the formation of hydrogen bonds between the polymer and

CO2. Solid-lines exhibit the total number of hydrogen bonds between the polymer and CO2 (same

as those shown in Fig. 9) whereas the dashed-lines the values only due the amide groups.
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Force-Felds of the Polymers Considered in this Study

The different polymers were modeled based on the OPLSAA force-field. In this force field, the

different energetic terms of the potential energy function assume the following functional forms,

Bond stretching: Ebond =
∑
bonds

Kb(r − r0)
2

Angle bending: Eangle =
∑

angles

Kθ(θ − θ0)
2

Dihedral angle torsion (Ryckaert-Bellemans):

Etorsion(φijkl) =
∑

torsions

1

2
[C1(1+ cos(φ)) + C2(1− cos(2φ)) + C3(1+ cos(3φ)) + C4(1− cos(4φ))]

Improper dihedral angle: Eimproper(φijkl) = kφ(1+ cos(nφ− φs))

Non-bonded interactions:

Enon−bonded =
∑

i

∑
j>i

{
4εij

[(
σij

rij

)12

−
(
σij

rij

)6]
+

qiqje
2

rij

}

combination rule: σij =
σii + σjj

2
, εij =

√
εiiεjj
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A Model for Poly(styrene)

The stereochemistry of each unit in the PS chain is randomly generated during polymerization.

Therefore, we chose to model each chain with alternating Cα chiral centers (R followed by S). The

bonded and non-bonded parameters of PS were taken from the OPLS-AA model of ethylbenzene2, 3.

However, in order to allow the connectivity between the subunits and simultaneously maintain zero

charge for each of these subunits, we made the following changes. The partial charge of Cβ of the

first residue was changed from -0.180 to -0.120, that of Cγ of the last residue was changed from

-0.115 to -0.055, and both changes were applied to the repeating residues. The resulting model is

shown in Fig. S5 and the non-bonded interactions are specified in Table S5. Using this model, we

obtained a value of 1.02 kg/m3 for the density of amorphous PS which is close to its experimental

value4 of 1.04–1.06 kg/m3. Furthermore, the calculated values of the radius of gyration, 9.8 Å,

and the weight-normalized end-to-end distance squared, 0.42 Å2· mol/g, are also in a very good

agreement with their experimentally determined values of 10.0 Å and 0.43 Å2· mol/g, respectively,

as well as with other models for PS5, 6, 7.
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Figure S5: The model for poly(styrene) based on the OPLS-AA force-field. The partial charge and

LJ parameters describing each atom is detailed in Table S5. Note that the Cα of the repeating and

last residues are chirals, nevertheless, the parameters for the R and S configurations are the same.

Table S5: Partial charges and LJ parameters for the poly(styrene) model. The values refer to all

residue types (first, repeating, and last) unless otherwise indicated.

q [e] σ [nm] ε [kJ/mol]

Cα -0.005 0.350 0.276

Cβ -0.120 0.350 0.276

Cβ,last -0.180 0.350 0.276

Cγ -0.055 0.355 0.293

Cγ,first -0.115 0.355 0.293

Hα, Hβ +0.060 0.250 0.126

Cδ, Cε, Cζ -0.115 0.355 0.293

Hδ, Hε, Hζ +0.115 0.242 0.126
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A Model for poly(methyl methacrylate) (PMMA)

The partial charges and bonded parameters for PMMA were adopted from the model proposed

by Maranas8. To allow the connectivity between the subunits and simultaneously maintain zero

charge for each of these subunits, we made the following change. The partial charge of Cα of the

first and last residue was changed from 0.00 to -0.045. No variations were applied to the partial

charges of the repeating residues. The resulting model is displayed in Figure S6 and the non-bonded

interactions are specified in Table S6. The LJ parameters were taken from the OPLS-AA force

field. Bond, angle and dihedral parameters, proposed by Maranas 8 are employed in this study and

are shown in Table S7, S8 and S9, respectively.

Figure S6: The chemical structure of PMMA polymer with the different atom types.
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Table S6: Partial charges and LJ parameters for PMMA model.

Table S7: Bond vibration parameters of PMMA polymer.
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Table S8: Angle bending parameters of PMMA.

Table S9: Ryckaert-Bellemans dihedral angle parameters of PMMA.
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A Model for poly(2-aminoethyl methacrylate) (PEAM)

Figure S7: The partial charges and bonded parameters for the atoms which are part of the methylene

methacrylate group are taken from the PMMA model of Maranas8. These interaction terms are

detailed in Table S10, S11, S12 and S13. Bonded interactions needed for an all-atom description

were then adopted from the corresponding interactions of the OPLS-AA force field.
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Table S10: Partial charges and LJ parameters for PEAM. To maintain zero charge in each subunit,

the partial charge of Cε was changed from 0.160 to 0.190, and that of Cα of the first and last

residue was changed from 0.00 to -0.045.

Table S11: Bond vibration parameters of PEAM polymer.
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Table S12: Angle bending parameters of PEAM.

Table S13: Dihedral angles of PEAM polymer.
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A Model for poly(3-diamin-(aminomethyl)propyl methacrylate) (DAPM)

Figure S8: The partial charges and bonded parameters for the atoms of the methylene methacrylate

group are taken from the model of Maranas8. These parameters are shown in Table S14, S15, S16

and S17. Bonded interactions not present for all-atom description were taken from the correspond-

ing interactions of the OPLS-AA force field.
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Table S14: Partial charges and LJ parameters for DAPM. To maintain zero charge in each subunit,

the partial charge of Cε was changed from 0.160 to 0.190, and that of Cα of the first and last

residue was changed from 0.00 to -0.045. Nonbonded parameters are taken from OPLS-AA force

field.

19
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Table S15: Bond vibration parameters of DAPM polymer.

Table S16: Angle bending parameters of DAPM polymer.
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Table S17: Dihedral angle parameters of DAPM polymer.
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A Model for poly(aniline methacrylamide) (PAAM)

The partial charges and bonded parameters for Cγ, Cα, Cβ, and Hγ, Hα, Hβ were adopted from the

model proposed for PMMA 8 polymer, as well as for the bonded parameters for Cδ-Oδ atom types.

The LJ parameters were taken from the OPLS-AA force field. Dihedral parameters for Cδ-Nε-Cζ-

Cη, Cη-Cζ-Nε-Hε, Cλ-Cµ-Nυ-Hυ angles are taken from the parametrization of Rizzo and Jorgensen9.

The Improper dihedrals terms derived from OPLS-AA force field. The sum of the charges for each

subunit is zero; therefore, the partial charge of Cα of the first and last residue was changed from

0.00 to -0.045. Bonded interactions that were not detailed for all-atom description were taken

from the corresponding interactions of the OPLS-AA force field. The resulting model is displayed

in Figure S9. The partial charge and nonbonded parameters are shown in Table S18. Bond,

angle, dihedral and improper dihedral parameters, are detailed in the Table S19, S20, S21, S22,

respectively.

Figure S9: The chemical structure of PAAM polymer with the different atom types.
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Table S18: Partial charges and LJ parameters of PAAM polymer.

Table S19: Bond vibration parameters of PAAM polymer.
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Table S20: Angle bending parameters of PAAM polymer.

Table S21: Dihedral angle parameters of PAAM polymer.
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Table S22: Improper dihedral angle parameters of PAAM polymer.
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A Model for poly(N-(3,5-diaminophenyl)methacrylamide) (PDAFMA)

Figure S10: The chemical structure of PDAFMA polymer with the different atom types.

26



Adsorption of CO2 Gas on Graphene-Polymer Composites Supplementary Material

Table S23: Partial charges and LJ parameters of PDAFMA polymer. The partial charges and

bonded parameters for Cγ, Cα, Cβ, and Hγ, Hα, Cβ were adopted from the model proposed by

Maranas8. This model was also used to define the bonded parameters for Cδ and Oδ atoms. To

maintain zero charges for each subunit, the partial charge of Cα of the first and last residue was

changed from 0.00 to -0.045. The LJ parameters were taken from the OPLS-AA force field.
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Bonded interactions needed for the all-atom description but were not specified in the Maranas

model8 were taken from the corresponding interactions of the OPLS-AA force field.

Table S24: Bond vibration parameters of PDAFMA polymer.

Table S25: Angle bending parameters of PDAFMA polymer.
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Table S26: Dihedral angle parameters of PDAFMA polymer. The parameters for Cδ-Nε-Cζ-Cη, Cη-

Cζ-Nε-Hε, Cµ-Cλ-Nλ-Hλ and Cµ-Cλ-Nλ-Hλ angle, are taken from Jorgensen et al.9 parametrization.

Table S27: Improper dihedral angle parameters of PDAFMA polymer. The terms derive from

OPLS-AA force field.
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