PCCP

Physical Chemistry Chemical Physics

rsc.li/pccp

e
-«

ROYAL SOCIETY
OF CHEMISTRY

ISSN 1463-9076

PAPER

I. Tanis, K. Karatasos et a/.

Molecular dynamics simulations of hyperbranched
poly(ethylene imine)-graphene oxide nanocomposites
as dye adsorbents for water purification

Volume 23

Number 40

28 October 2021
Pages 22819-23392




Open Access Article. Published on 02 August 2021. Downloaded on 12/9/2025 3:55:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2021, 23, 22874

Received 2nd June 2021,
Accepted 2nd August 2021

DOI: 10.1039/d1cp02461b

Molecular dynamics simulations of hyperbranched
poly(ethylene imine)—graphene oxide
nanocomposites as dye adsorbents for water
purificationt

[. Tanis, & * E. Kostarellou and K. Karatasos ‘= *

Atomistically detailed molecular dynamics simulations were employed to study the adsorption capacity
of graphene-oxide-based (GO) aqueous systems for the methylene blue (MB) dye in the presence of
branched poly(ethylene imine) (BPEI) polymers. The polymeric component was either freely mixed or
chemically attached to GO. The main focus was the elucidation of the effects originating from the
presence of BPEI molecules in the association of MB with the formed GO complexes. The effect of
temperature was also examined. It was found that the presence of the cationic BPEI molecules results in
the formation of a distinct microenvironment characterized by a polymer-mediated interconnected
morphology which promotes the development of larger-sized MB clusters. These clusters were found to
form in the vicinity of the GO flakes, increasing thus the adsorption capacity of the dye molecules in the
polymer-containing systems. Particularly in the system with the BPEI-functionalized GO flakes, a
persistent percolated structure is formed, which results in a more restricted diffusion of the MB
molecules, increasing thus significantly their residence time close to the GO surface. The clustering
behavior of MB was found to be temperature-dependent in the BPEI-based models, providing useful
information regarding the conditions for optimal adsorption performance of such membranes, in

rsc.li/pccp nanofiltration processes.

1. Introduction

Given the continuously growing world population as well as
increased industrialization and greater energy needs, addressing
the lack of clean water is one of the most important challenges of
our time."” Another emerging problem that limits the resources
of safe and clear water is the contamination of the latter by
micropollutants such as pharmaceuticals and other industrial
chemicals.>* For instance, organic dyes are often discharged
with wastewater into the local environment without adequate
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1 Electronic supplementary information (ESI) available: Snapshots of the initial
configurations of the systems, radial distribution functions arising from the
centers of mass of the GO flakes, radial distribution functions arising from the
centers of mass of MB, orientational order parameter of the GO, orientational
order parameter of the MB molecules, center of mass distribution profiles of the
GO molecules in a direction normal to the GO plane, charge distributions along a
direction normal to the GO plane, MSD of the centers of mass of the dye
molecules, comparison of the self van Hove functions describing the MBs’
motion, sulfur (MB) - hydroxyl oxygen (GO) radial distribution functions, sulfur
(MB) - hydroxyl oxygen (GO) pair correlation functions. See DOI: 10.1039/
d1cp02461b
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treatment. On these grounds, purification of the dye-containing
water using an economically feasible and environmentally
friendly method before being discharged into natural environment
has become extremely urgent.>”

3,7-Bis(dimethylamino)phenothiazin-5-ium, commonly known
as methylene blue (MB), is one of the most commonly used
substances for dyeing and is harmful to humans since it causes
increased heart rate, vomiting, shock, jaundice, etc.®® Release of
MB into wastewaters from the textile, cosmetic, coloring and
paper industries thus poses serious environmental problems
and its removal from the aqueous phase is of great
concern.'>"

Recently, carbon-based materials have emerged as promising
candidates in adsorption operations because of their easy
accessibility, good mechanical resistance and environmental
friendliness.">"* Graphene and its derivatives appear as particularly
appealing candidates as potential dye adsorbents because of their
unique, two-dimensional (2D) structure, which exhibits superior
adsorption capacity for various dye molecules through n—r stacking
interactions.'**® In addition, the negative charges in the graphene
oxide (GO) sheets, due to various oxygen-rich functional groups,
trigger additional strong electrostatic interactions with cationic dye
molecules.’®* However, GO sheets exhibit a high dispersibility in
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water, which inhibits the efficient separation of the dye-adsorbed
GO flakes from an aqueous environment. To remedy this, various
GO-based adsorbent materials have been fabricated to facilitate the
separation of dye-adsorbed GO sheets from aqueous solutions.>*
Among them, composite GO/poly(ethylene imine) (PEIL) hydrogels,
targeted for the removal of MB and rhodamine B (RB) organic dyes,
have recently been fabricated.*® The former family of polymers are
water soluble, and pH and thermal responsive and have been
utilized in the past few years for the construction of carbon-based
or other composite systems for environmental and biomedical
purposes.®*°

Despite the encouraging experimental findings, there
remain several challenges related to the fabrication approaches
of GO-based adsorbents.*® To address these issues, a thorough
understanding of the atomic-scale mechanisms which are
responsible for the structure-performance relationship
becomes necessary.

Molecular simulations have provided invaluable insights on
the structural and thermodynamic properties of GO-based
nanocomposites*’™* and have managed to shed light on the
associated mechanisms governing their nanofiltration performance
at the molecular level, thus complementing pertinent experimental
studies.***” The adsorption of MB and RB on graphene oxide
sheets bearing varying oxidation densities was examined using
molecular dynamics (MD) and Monte Carlo simulations.*®>> These
studies demonstrated a selective adsorption behavior for cationic
dyes, mainly due to n-n electron coupling, and van der Waals and
electrostatic interactions stemming from GO. Inclusion of dendritic
molecules in GO dispersions was found to improve the adsorption
capacity towards metal ions compared to that of pure GO.>

Motivated by previous experimental studies addressing GO/PEIL
nanocomposites targeted for water purification applications,*>*
in the present work, we focus on the factors governing
the adsorption efficiency of GO/branched-PEI (GO/BPEI) nano-
composites towards MB via fully atomistic MD simulations.
To shed light on the effect of the hyperbranched polymer on
the resulted microstructure and its relation with the adsorption
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performance of the GO sheets, molecular models with and
without the presence of the polymer molecule have been
simulated. Furthermore, to assess possible effects of GO/BPEI
association on adsorption capacity, BPEI was either chemically
attached to the GO surface or dispersed in GO. To our knowledge,
no simulation work addressing the adsorption capacity of these
systems has been reported so far.

2. System description and
computational details

Three aqueous GO-based systems were constructed. The first
system was comprised of pristine GO flakes and MB molecules
(GOMB), the second of pristine GO flakes, and MB and BPEI
molecules (GOHBMB), and the third of BPEI-functionalized GO
flakes and MB molecules (GOFMB). An appropriate number of
Na® or CI~ counterions were also added when necessary, in
order to preserve the overall electrical neutrality. For all
systems, the GO flake assumed lateral dimensions of 40 A x
32 A bearing hydroxyl, epoxy and carboxylic groups (see Fig. 1).
Following the Lerf-Klinowski model,> the oxidized groups
were placed randomly on both faces of the graphene plane.
The resulting chemical formula for the non-functionalized GO
was Css4H360112, corresponding to a carbon to oxygen ratio of
approximately 5: 1, while the hydroxyl to epoxy group ratio was
kept at 3:2. To simulate neutral pH conditions, all the carboxyl
groups were taken to be deprotonated while the hydroxyl
groups were not ionized.”®*” The modified GO model, was
functionalized with 4 BPEI molecules, in a manner appropriate
to maintain a symmetric mass distribution with respect to the
GO plane.*” The PEI branches were partially ionized to mimic
neutral pH conditions as well.>>*® In all systems, the MB
concentration was kept constant, amounting to approximately
7 ¢ L. Experimental studies exploring the effects of relatively
high MB concentrations (as the one invoked here) on the
adsorption capacity, have already been performed.>® The ratio

Fig. 1

(a) The frontal and lateral views of a non-functionalized GO flake, (b) the frontal and lateral views of a functionalized GO flake. Carbon atoms are

shown in dark cyan, oxygen atoms in red and hydrogen atoms in white. (c) The branched poly(ethyleneimine) molecule used for the functionalization of
GO in the GOFMB system and as a free moiety in the GOHBMB system. (d) Methylene blue chloride.
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Table 1 Composition of the simulated systems
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Number of Number of free Number of MB Number of CI™ Number of Na* Number of water
Systems GO flakes BPEI molecules molecules counterions counterions molecules
GOMB 10 0 40 40 260 90589
GOFMB 10 0 40 50 0 90839
GOHBMB 10 40 40 60 0 90829

of the concentration of GO to that of MB was approximately 7 in
the GOMB and GOHBMB systems, and close to 9 in the
GOFMB model, similar to analogous ratios explored in pertinent
experiments.®®®* Table 1 presents the composition of the
examined systems.

Fig. 1 shows the schematics of the different molecules
appearing in Table 1.

Description of the energetic parameters for all molecules
apart from water (which was taken into account explicitly) was
based on the OPLS-AA forcefield.®” This forcefield has been
used to parameterize oxidized forms of graphene,®*™%”
branched poly(ethyleneimine) molecules®® and other imine-
based dendritic polymers.®® Water molecules were parameterized
using the TIP3P model.”’ Depending on the system, an
appropriate number of CI~ or NA" counterions (see Table 1) were
also included to maintain the overall electrical neutrality.

The initial state of all systems was constructed using the
Packmol package.”! The MD simulations were catried out using
the NAMD 2.13 program’” with a cut-off distance of 1.2 nm for the
van der Waals interactions, following the isothermal-isobaric
ensemble, at P = 1 bar and at temperatures of 290 K, 300 K and
310 K. Periodic boundary conditions were invoked with particle-
mesh Ewald (PME) electrostatics.”> Numerical solution of the
equations of motion was performed using the velocity-Verlet
scheme, with 1 fs timestep and a frame saving frequency of
5 ps. Pressure was controlled using the Nose-Hoover Langevin
method,”* with a piston period of 0.1 ps and a decay time of
0.05 ps. Temperature control was performed via the Langevin

algorithm using a damping coefficient of 5 ps™".
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Prior to the production runs, the systems were subjected to
energy minimization, followed by MD equilibration between
100 ns and 200 ns, depending on the model. After the
equilibration, stabilization of energetic and structural
parameters was attained, including total and partial energies,
the overall density, and the average distance between the
molecular components. Finally, trajectories of at least 100 ns
length after equilibration were generated in the NPT ensemble.
The average size of the simulation box at equilibrium within
the examined temperature range, varied between 140.0 A and
140.6 A, 140.6 A and 141.3 A and 140.6 A and 141.3 A for the
GOMB, GOHBMB and GOFMB models, respectively. Post
analysis of the equilibrated trajectories was performed by
custom made routines. Fig. S1 in the ESIf portrays the initial
configurations of the examined systems at 7'= 300 K.

3. Results and discussion
A. Structural properties

A1 Center of mass RDFs. To better assess the role of the
relative arrangement of the different moieties in the MB
association with the GO-based flakes, we examined the spatial
distribution of the center of mass of these molecules, by
examining pertinent radial distribution functions (RDFs).

Fig. 2 displays RDFs arising from the center of mass of the
GO sheets at 7= 300 K.

Focusing on Fig. 2a we can observe several peaks in the
spectra of the models containing the polymer component

35 T T T T

——GOMB
—— GOHBMB,| -
—— GOFMB
25+ 1

304

23 204 1

0 T T T T T 1
0 5 10 15 20 25 30 35

Center of mass separation (A)

Fig. 2 Radial distribution functions arising (a) from the centers of mass of the GO flakes and (b) from the MB molecules in the GOHBMB, GOMB and

GOFMB models at T = 300 K.
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(either as free molecules or covalently attached onto the GO
sheets). This picture is similar to the behavior observed
previously in dendrimer/GO hydrated membranes,”> and is
reminiscent of the degree of order met in semicrystalline
materials.”® However, this is not the case in the GOMB model
where the non-zero values are detected only at distances higher
than 35 A. The absence of sharp peaks in the spectra of this
model, is consistent with the amorphous arrangement of the
GO flakes. The same qualitative description applies also for the
relative arrangement of the GO centers of mass at the other
examined temperatures (see Fig. S2 in the ESIf). In the
polymer-containing systems, although both the spectra are
characterized by several peaks at shorter distances, distinct
features can be observed when comparing these models at a
constant temperature. The first neighbor peaks are detected at
around 14 A and 21-23 A for the GOFMB and GOHBMB model
respectively, with the peak intensity being much higher for the
former system. A separation distance of 14 A corresponds
roughly to the double of the polymer’s radius of gyration, i.e.
the closest possible distance between two GO flakes, implying a
high probability of close GO contacts with the average distance
between GO sheets, commensurate to the size of the grafted
PEI molecules. A visual inspection of the RDF spectra of
the GOFMB system reveals a second, less intense peak, at
approximately 26 A, i.e., at a distance nearly twice as much,
compared to the position of the first peak. This observation is
consistent with the formation of GO aggregates with at least
3 GO flakes. Indications for GO cluster formation are also
present in the system where BPEI molecules are dispersed as
separate moieties among the GO flakes, due to the appearance
of a peak in the corresponding RDF spectra at a separation
somewhat larger than 20 A. The rather low intensity of the first-
neighbor peak in the latter model implies a considerably lower
degree of structural order of the GO flakes in the GOHBMB
system. Fig. 2b portrays the pair RDF spectra arising from the
centers of mass of the MB in the examined systems. A visual

GOMB

GOFMB
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comparison of the pair RDFs shows that the spatial arrangement
of the MB molecules shares some common features in the 3
different models. The first neighbor peak is detected in all
systems at around 5 A. The latter distance corresponds roughly
to the size of a MB molecule, implying the formation of MB
clusters. The highest intensity of this peak is observed in the
GOFMB model, indicating that the spatial arrangement of the
MB molecules is more persistent in this system. A double peak
close to a 10 A separation, can also be observed. This feature can
be accounted for, if we assume that the two neighboring peaks
arise from second-neighbor MB molecules which take somewhat
different conformations. The intensity of the first-neighbor peak
(see Fig. S3 in the ESIt) shows a tendency to drop upon increase
in temperature for the GOFMB and GOHBMB systems, but not
for the GOMB model. Therefore, the clustering behavior of MB
molecules appears to be much more temperature-dependent
in the polymer containing systems. A visual impression of
equilibrated configurations of the examined systems, is provided
in Fig. 3.

In line with the picture arising from the interpretation of the
RDF spectra, the GOMB model (Fig. 3a) is characterized by
dispersed GO flakes, with the MB molecules located preferentially
close to the GO surface. In the GOFMB system (Fig. 3b), a more
interconnected structure is observed, with the dye molecules
forming aggregates not only on the GO surface, but also close
to the grafted BPEI branches. In the GOHMB system (Fig. 3c),
BPEI-mediated GO aggregates can be observed, but these
aggregates appear to be dispersed instead of forming an overall
interconnected structure. The dye molecules appear to associate
either with the BPEI molecules or with the GO flakes.

A.2 Orientational order of the GO and MB molecules.
To examine a possible orientational ordering of the GO and
MB molecules, we calculated the orientational order parameter
defined through the second-order Legendre polynomial,”’

Py(cos 0) = ((cos® 0 — 1)/2) (1)

GOHBMB

Fig. 3 Equilibrated configurations of the examined systems: (a) GOMB (b) GOFMB and (c) GOHBMB. Carbon atoms are shown in dark cyan, oxygen
atoms in red and hydrogen atoms in white; yellow and blue beads correspond to the Na* and the Cl™ counterions, respectively. The free BPEI molecules
in the GOHBMB system are shown in purple. Water molecules are not shown for clarity.
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r(A)

Fig. 4 Orientational order parameter (see text) of (a) the GO flakes and (b) the MB molecules in the GOHBMB, GOMB and GOFMB models as a function

of the center of mass separation between two molecules, at T = 300 K.

where 0 is the angle formed between the reference directions of
two molecules of the same kind. A zero value corresponds to
the case of no orientational order between the examined
molecules, a value of 1 represents the case of parallel to the
reference axis orientation, and a value of —0.5 describes vertical
to the reference axis orientation. For the GO flakes, the one
defined by the principal axis of inertia which is, on overage,
perpendicular to the GO plane was taken as the reference
direction. For the MB molecules the reference direction was
defined by that of the principal axis of inertia which lies, on
average, along the longest dimension of the molecule. The
corresponding curves at T = 300 K are shown in Fig. 4.
Focusing on the orientational order parameter of GO
(Fig. 4a), it is shown that in the polymer-containing systems
and at separations up to about 20 A, GO flakes adopt an almost
parallel orientation, while at separations up to 25 A, a degree of
parallel ordering is still present. Since such separations refer to
first-neighbor distances (see Fig. 2a), it appears probable that
GO flakes which come at such close distances adopt stacked
configurations. In the GOMB system, a tendency for almost

—— GOMB
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£ 0151 —— GOHBMB| 4
2 —— GOFMB
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Distance from the GO plane (A)

parallel GO orientation at the closest separation at which the
respective RDF spectra assume non-zero values, is also present,
but this occurrence is rather scarce, as implied by the respective
low RDF values (see Fig. 2a). This picture describes also
the behavior of the GO orientational parameter at the other
temperatures examined (see Fig. S4 in the ESIt).

Fig. 4b portrays the orientational order parameter of the MB
molecules in the different systems at 7 = 300 K. In this case, P,
probes the degree of alignment of the MB molecules in the
direction of their longest dimension. At a separation close to
the location of the first-neighbor peak in the respective RDF
(see Fig. 2b), only in the GOFMB system does a tendency for
alignment of the MB molecules is present. The same tendency
persists at the other temperatures examined, as well (see Fig. S5
in the ESIt). This behavior might be related to the difference in
the spatial arrangement of the GO flakes and the structural
stability of this arrangement in the 3 models (see Fig. 2a and
the relevant discussion in Section 3.A.1), which could impose
different geometric constraints for those MB molecules that
become physically adsorbed onto the GO flakes.

= —— GOMB
o b =
8 ga W 00K —— GOHBMB|-
2 —— GOFMB
B
35
1]
& 1.0 i
g
ks
8
g 05-
[an]
=
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Distance from the GO plane (A)

Fig. 5 Center of mass distribution profiles of (a) the GO and (b) the MB molecules in a direction normal to the GO plane, for the GOHBMB, GOMB and
GOFMB models, at T = 300 K. Distance O denotes the position of the GO plane. Positive and negative coordinates correspond to placements of the
molecules on the right and left sides of the plane of the reference GO molecule, respectively. The spectra of GOMB and GOFMB are shifted by 0.025 and

0.05, respectively, in the y-axis for clarity.
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A.3 Directional distributions of the GO and MB molecules.
To gain further insights on the relative arrangement of the
different components as well as on the degree of physical
adsorption of the MB molecules onto the GO surface, we
calculated the distributions of the number of the MB molecules
(as each one is represented by its center of mass) in a direction
normal to the GO plane, with respect to the location of the GO
plane. The so-constructed profiles at 7= 300 K are presented in
Fig. 5, for the GO and MB molecules.

Focusing on the distributions of the GO molecules (Fig. 5a),
at distances close to GO, sharp peaks characterize the profiles
of the polymer-containing systems. These peaks denote a
preferential placement of the GO flakes close to the reference
GO surface. The number of the observed maxima is higher in
the GOFMB model, in agreement with the respective RDF
spectra presented earlier, indicating a polymer-mediated
persistent spatial arrangement of the GO sheets. In contrast,
the curve representing the BPEI-free model, exhibits only broad
peaks at relatively long distances from both sides of the GO
flake (~50 A), corroborating the results from the RDF analysis
(Section 3.A.1). A similar behavior is also observed in
the analogous spectra at other temperatures examined (see
Fig. S6 in the ESIT). Based on the above directional distributions,
we can estimate the average number of neighboring GO flakes in
a direction perpendicular to its plane in the polymer containing
models by integrating the relevant profiles. Integration within a
distance of 30 A ambilateral from the central GO flake (i.e., up to
the distance defined by the second neighbor peak in the RDF
shown in Fig. 2a), renders a number between 1.1 and 1.2 for the
GOFMB model and 0.5 to 0.6 for the GOHBMB model at all the
examined temperatures. Taking into account (as discussed in
Section 3.A.2) that at such close a distance, a neighbor of the GO
flake is highly probable to adopt an orientation parallel to it, it
appears that the formation of stacked GO pairs is twice as
probable in the GOFMB system, compared to the case where
the BPEI molecules are not chemically attached to the GO flake
(the GOHBMB system).

Concerning the respective distributions of the dye molecules
(Fig. 5b), sharp peaks close to the GO surface are detected in all
systems, thus confirming the physical association between the
two moieties. In the BPEI-free system, the distribution exhibits
negligible values at distances greater than 10 A, contrary to its
polymer-containing counterparts. Therefore, it appears that the
presence of the polymer molecules (whether covalently
attached to GO or not) results in a higher probability to find
MB molecules in the close vicinity of the GO surface. To
quantify this observation, we have calculated the average number
of dye molecules in a direction normal to GO, by integrating the
spectra depicted in Fig. 5b, up to a distance of 30 A from both
sides of a GO flake. This distance was selected in order to include
also the MB molecules that remain close to the GO sheets due to
their association with the polymeric components. Within the
examined temperature interval, this calculation resulted in the
number of MB molecules per GO flake, ranging between 3.9
and 4.1 for the GOMB model, between 6.4 and 5.7 for the
GOHBMB model, and between 7.1 and 7.5 for the GOFMB model

This journal is © the Owner Societies 2021
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(or in terms of MB molecules per unit surface area of a GO sheet,
approximately 0.31 MB per nm? for the GOMB system, 0.47 MB
per nm? for the GOHBMB system and 0.57 MB per nm? for the
GOFMB system). In other words, the presence of the polymeric
moiety increases the probability of the MB molecule to remain in
the vicinity of a GO sheet, by about 40% (the GHBMB system) to
80% (the GFMB system), compared to the polymer-free system.

For a better understanding of the contribution of the BPEI
component in the tendency of MB molecules to reside close to
the GO flakes, electrostatic interactions should be taken into
account as well. As it has been previously reported,” electro-
static interactions between PAMAM dendrimers and GO are
among the main driving forces for the self-assembly and the
stabilization of the GO-polymer nanocomposites.”® To obtain
information regarding the effective surface charge of the GO
flakes, we have monitored how the effective charge is distributed
close to the GO surface (see Fig. S7 in the ESIT). In the case of the
GOMB system, the Na" counterions only partially neutralize the
negative charge arising from the oxygen groups of GO (i.e., there
is no Na' condensation on the GO surface), so that a negative
peak ambilateral to the GO plane survives. The key difference
between the polymer-free model (GOMB) and the polymer
containing models is the positive-charge peaks arising from
the protonated amine groups of the BPEI molecules. Therefore,
the presence of the protonated polymers essentially create a
polar environment close to the GO surface, which can enhance
the interaction of GO with the polar dye molecules. The effective
negative charge present in the polymer-free system acts towards
a better dispersion of the GO sheets and thus against the
formation of large GO aggregates. On the other hand, the polar
environment close to the GO surface imparted by the protonated
polymers strengthens the interaction, not only between the GO
fakes and the MB molecules, but also between the GO molecules
themselves, thus favoring the formation of larger GO aggregates,
as this was implied by the corresponding GO RDFs and the
relevant snapshots (see Fig. 2a and 3).

B. MB clustering analysis

The clustering behavior of MB is directly related to the degree
of the association with the GO-based nanocomposites as well as
to their interactions with the water molecules. It is therefore of
interest to study certain aspects of this behavior in the examined
systems and as a function of temperature. To this end, we have
carried out a cluster formation analysis using the DBSCAN
algorithm.”® In the application of this algorithm, we have taken
that each cluster should contain at least 2 MB molecules,
whereas the search radius for neighboring molecules was
determined from the location of the first peak of the MB-MB
pair correlation function (i.e., 7 A, see Fig. 3b). Fig. 6 presents the
size distribution of the dye clusters formed in the examined
systems.

It can readily be observed that the examined systems present
different clustering behaviors with respect to the dye molecules,
at all temperatures. As a general remark, the most frequently
observed cluster size in all systems is 2. Another common feature
in all systems is that the maximum number of formed clusters
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Fig. 6 Number of formed clusters, n(s), as a function of the cluster size s, in (a) the GOMB (b) GOHBMB, and (c) GOFMB model, calculated at T = 290,
300 and 310 K. The color code in the legends indicate the average number of molecules participating in the formed clusters (i.e., the cluster population).

appears at the lowest temperature examined (note that each mole-
cule can participate only in one cluster). This appears to be
consistent with a higher probability for a breakage of clusters once
the kinetic energy of the system increases. Apart from these
similarities, several distinct features among the examined systems
can be observed. As far as the temperature dependence of the
clustering behavior is concerned, this appears to be stronger in the
polymer-containing systems. Cluster formation in the GOMB system
is practically temperature-independent, while among the BPEI-
containing systems, the GOFMB system exhibits the larger
differentiation on temperature changes. This is consistent with
the picture described earlier in Section 3.A.1. The larger number
of MB molecules participating in clusters, is found for the GOFMB
system. In the same system, a higher probability for the formation
of clusters with a larger size is observed. Combination of this
information with the picture described in Section 3.A.3, implies that
the MB molecules that are close to the GO surface, preferentially
form pairs and some of them form clusters that are larger in size.

C. Dynamic properties

C.1 Diffusive behavior. Fig. 7 portrays the mean-squared
displacements (MSDs) of the centers of mass of the GO flakes
and the MB molecules at T = 300 K.

1044 T =300K —— GOMB 4
—— GOHBMB
a) —— GOFMB

10% E
=
3 102 4 o
)
(2]
=

10" 4 E

10° 5 3

10 102 10° 10* 10°

t(ps)

Fig. 7a shows that the dye molecules are more mobile in the
BPEI-free system. The same qualitative picture describes the
diffusive behavior of the MB molecules at other temperatures
examined, as well (see Fig. S8 in the ESIt). The reduced average
mobility shown in the polymer-containing models could be
related to the higher number of the physically adsorbed MB
molecules, either directly onto the GO surface, or onto the
polymeric components, as it can be inferred from the discussion
in Section 3.A.3. This occurrence, should also be combined with
the tendency for the formation of clusters that are larger in size
(and thus slower diffusing) in the polymer-containing systems
(Section 3.B). In addition, the slower diffusion of the GO flakes in
the GOHBMB and GOFMB models (as shown in Fig. 7b), might
also result in a slower diffusive motion of MB, since the average
mobility of any adsorbed dye molecule is significantly affected by
that of the particle upon which it is adsorbed.

The change in slope observed in the MSD curves at a time-
scale close to 10* ps was found to be related to the “decaging”
process of the GO and the MB molecules, from the restricted
microenvironment formed by their neighboring molecules.®

Among the GOHBMB and GOFMB systems, MB molecules
exhibit the lowest mobility in the GOFMB model, with the
deviation from the other systems’ mobilities increasing in the

10t T=300K [ GOMB i
— GOHBMB
104 (b) — GOFMB ]

10" 10? 10° 10* 10°
t (ps)

Fig. 7 MSD of the centers of mass of (a) the dye molecules and (b) the GO flakes, at T = 300 K.
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long-time limit. This behavior can be described in more detail,
using the Van Hove space-time correlation function.®” The self-
part, monitoring the self-diffusion of the examined particles is
given by

Gs(r,1) = (o[r —

ri(1) = ri(0)1]), (2)

=| =
,MZ

where r; represents the position vector of particle i at time ¢, r
symbolizes the distance between the positions of the ith
particle at times ¢ and 0, N is the total number of particles,
(...) is the ensemble average over realizations and time origins
and ¢ is the Dirac’s distribution. This function is proportional
to the probability that a particle is at position r at time ¢ given
that the same particle was at the origin (r = 0) at time ¢ = 0. Fig. 8
presents the self Van Hove functions of the MB molecules in
the examined systems, at different time intervals at 7'= 300 K.
The shapes of all the spectra deviate from the Gaussian
behavior, indicating that the motion of the MB molecules in
all the examined systems, is not homogeneous in nature, as
anticipated due to their physical adsorption on to the GO or the
polymer moieties. The dye molecules appear to be more mobile
in the polymer-free systems at all examined timescales as

0.8

T=300K
t=150ps a)

—— GOMB
—— GOHBMB
—— GOFMB

0.6 4

412 Gy(r)

0.2+

0.0 —e—— T T

Distance travelled, r(R)
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reflected by the location of the peaks of the corresponding
van Hove functions, in consensus with the picture described in
Fig. 7a. Apart from the location of the peak position, the
spectral characteristics of the curves describing the polymer-
containing models differ significantly from those of the
polymer-free model. Namely, the latter curves appear to be
narrower in shape and higher in amplitude.

The smaller dispersion in the distribution of the distances
travelled by the MB molecules in these systems implies that
they experience a more restricted environment, allowing only
local rearrangements. This observation is consistent with the
discussion in Sections 3.A and B, regarding the associative
characteristics between the MB molecules and between the
MB molecules and the GO flakes or the polymeric component.
These differences in the spectral characteristics of the Van
Hove functions between the GOMB and polymer containing
systems, become more pronounced at longer times as it can be
inferred from Fig. 8b and c. As the timescale increases, small
differences can also be observed between the GOFMB and
GOHBMB systems. The peak position in the GOHBMB systems
shifts to slightly longer distances, while there is also a small
difference in the amplitudes of the respective curves. These
features lie in accordance with the behavior noted in the

T=300K

0.4 4t=1500ps b)
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Fig. 8 Comparison of the self van Hove functions (multiplied by 47nr?) describing MB motion in all systems at times (a) t = 150 ps, (b) t = 1500 ps and (c) t

= 15000 ps.
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Fig. 9 Sulfur (MB)-hydroxyl oxygen (GO) pair correlation functions at
T = 300 K, for all the examined models.

respective MSD curves (Fig. 7). Analogous trends were observed
at other temperatures studied, as well (Fig. S9 in the ESIT).

C.2 Residence behavior of MB molecules on the GO surface.
Apart from the static information concerning the associative
behavior of MB molecules with GO, it is also of interest to
examine the dynamic picture describing the adsorption/
desorption process and the role of the presence of a polymeric
component in this mechanism. For this purpose, we have
examined correlation functions between characteristic atoms
belonging to the MB molecules and to the GO flakes. Namely,
we have monitored the propensity of the sulfur atom of MB to
remain in close proximity to the oxygen atoms of the GO hydroxyl
groups. The relevant correlation functions were calculated according
to eqn (3):*

o == 3)

where c(¢t) takes a value of 1 if the examined atoms form a pair
at time ¢ provided that they also formed a pair at time ¢ = 0, and
0 otherwise. According to this definition, any breakage event
within the intermediate time interval between ¢ = 0 and ¢, is
disregarded. Therefore, A(t) probes the long time behavior
which relates to the probability of the atoms that initially
formed a pair, to remain at a close distance in order to form
a pair again. A pair is considered to be formed, when the two
atoms under examination, come closer than a characteristic
distance. This distance is defined by the location of the minimum,
following the first peak of the corresponding pair correlation
function (here taken to be 5 A). Such pair correlation functions
are shown in Fig. S10 in the ESL{ Taking also into account the
information from Fig. 5b, all MB molecules with their sulfur atom
closer than this distance from a hydroxyl oxygen of GO, can be
considered physically adsorbed on the GO surface. The so-
calculated A(¢) functions are shown at 7'= 300 K for the examined
models in Fig. 9.

A visual inspection of Fig. 9 shows that the sulfur (MB)-
hydroxyl oxygen (GO) h(¢) functions do not decorrelate
completely within the timescale of the simulation runs.
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This implies that the characteristic residence time of the MB
molecules close to the GO surface is considerably longer
compared to a timescale of the order of ~100 ns, which
corresponds to the examined simulation window. The degree
of decorrelation within the examined time window indicates
that A(¢) drops significantly slower in the GOFMB model. At T =
300 K, the degree of decorrelation of 4(¢) is comparable between
the GOMB and GOHBMB models. This picture does not change
significantly within the temperature windows examined
(see Fig. S10 in ESIt). The observed behavior indicates that
the chemical attachment of BPEI onto the GO sheets results in
a local environment, which promotes a longer residence time of
the MB molecules on the GO surface.

4. Conclusions

Fully atomistic molecular dynamics simulations have been
performed for the first time in hydrated hyperbranched PEI/
graphene oxide nanocomposites, in order to examine their
adsorption capacity towards methylene blue organic dyes. The
main objective of this study was to examine the effect of the
presence of a hyperbranched polymer, either covalently
attached to the GO plane or dispersed in the hydrated system,
on the adsorption performance of the GO-based hydrated
composite membranes. The systems were simulated in a
neutral pH environment and under fully hydrated conditions,
similar to pertinent experimental works.

The structural analysis of the formed nanocomposites
revealed a higher degree of structural coherence in the case
where BPEI was chemically attached to the GO flakes, and a
higher tendency of the GO flakes to form stacked configurations.
This suggests that the structural stability of the hydrated
membranes and the separation distance between the flakes
can be tuned by incorporating hyperbranched structures of
different sizes, thus rendering such systems potential candidates
for molecular sieving applications. A tendency for the formation
of stacked GO configurations was also noticed in the system
containing the GO-BPEI mixture, but this was less pronounced.
This tendency could originate from, or facilitated by, the polar
nature of the GO aggregates, induced by the presence of the
positively charged PEI molecules. On the other hand, the GO
flakes present no orientation tendency in the polymer-free model
and they adopt a less ordered configuration compared to their
counterparts in the polymer-containing systems. The percolated
structure formed mainly by the GOFMB model and to a lesser
degree by the GOHBMB model might be of technological value if
the differences in polarity and in ionic conductivity from the
polymer-free system can be exploited by tuning the microstructure
(and thus the degree of the MB adsorption) through the
application of an electric field.*®** The probability of finding
a dye molecule in proximity to a GO flake was found to increase
in the presence of the polymeric component, and to be higher
in the GOFMB model. In the latter model, it was found that the
average number and the average size of the formed MB clusters
were larger. The distribution of the size of the MB clusters and
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generally the associative behavior between the MB molecules
were found to depend on temperature only in the polymer-
containing systems, and between them, to a higher degree in
the GOFMB model. Given the longer residence time of the MB
molecules that are physically adsorbed onto the GO surface and
the temperature insensitivity of the MB organization close to
GO in the polymer-free model, it can be surmised that this
temperature dependence of the MB clustering behavior could
be related to MB clusters formed close to the polymeric
component.

Analysis of the dynamics of the dye molecules demonstrated
a higher diffusivity in the polymer-free system. This information,
combined with the characteristics of the distributions of the
distances travelled by the MB molecules, showed that the dye
moieties experience a more restricted environment in the
polymer-containing systems.

The molecular-level description provided in the present
study emphasizes the importance of the control of the micro-
structure in such GO-based nanocomposite membranes
towards the optimization of their performance in sieving and
nanofiltration applications.
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