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Abstract

A graphene oxide/poly(acrylic acid) nanocomposite in the melt state was studied by
means of fully atomistic molecular dynamics (MD) simulations. The mixture was
characterized in a wide temperature range in terms of its thermal behavior and the
static and dynamic properties of the polymeric material. In addition, the formation of
the intra- and intermolecular hydrogen bonding network was examined in a
quantitative manner, and the longevity of the formed hydrogen bonds was estimated.
It was found that part of the graphene oxide (GO) flakes formed oligomeric clusters
that were dispersed in the polymeric matrix. The presence of GO at the examined
composition resulted in a moderate shift of the glass transition temperature of the
composite with respect to that of the pristine polymer. The physical adsorption of the
polymer chains onto the GO surface was found to be driven mainly by a specific type
of hydrogen bonds, while the presence of GO and the temperature change affected the
amount of hydrogen bonding among the poly(acrylic acid) (PAA) chains. Polymer
dynamics were slowed down appreciably due to the presence of GO, both at the local
and at the entire molecular scale. The degree of slowing down for local reorientational
motions was examined as a function of the distance from the GO flakes, assessing
thus the effect of the physical adsorption and of the effective confinement of polymer
chains within the GO clusters.

Elucidation of the microscopic characteristics of the resulted morphology and of the
correlation between structure and dynamic response of the components, offers a first
step for the interpretation of the observed macroscopic behavior of such nano-hybrid

materials.
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1. Introduction

Polymer/graphene-based nanocomposites have lately emerged as promising materials
for a wide range of high-end technological applications. Among other uses, they have
been found to be of potential use as gas-barrier materials'~, as responsive systems for
water clean-up®, as conductive thermoelectric materials® and as parts in electronic
devices®, as appropriate materials for the fabrication of fuel cell membranes’” ® and as
chemical® and biological sensors'’.

In the present work we investigate a system comprised by two components that have
attracted scientific and industrial interest due to their favourable properties!!''!4,
namely GO and PAA. Both, GO and PAA are water soluble'>!7, facilitating thus the
fabrication of composite materials using environmentally friendly processes, either
through a common aqueous dispersion, or by direct melt mixing at elevated
temperatures.

The potential of GO/PAA hybrid materials has recently been recognised in studies
exploring their use as self-healable materials'®, electroresponsive systems'®, anti-

20 electronic components*! and systems for

pollutant and cleaning agents'®
biomedical uses?’. Optimization of the physical properties and control of the behavior
of such complex systems essentially requires a molecular-level understanding of their
structural characteristics, their dynamic response at different time- and length-scales
and the physicochemical processes involved in the local thermodynamic environment.
On these grounds, molecular simulations can play the role of a detailed technique at
the nanoscale, in order to study the microscopic mechanisms that operate at the
atomic and/or molecular level and virtually dictate the macroscopic behavior of such
materials. Along these lines, we hereby present results from fully atomistic molecular
dynamics simulations of a graphene oxide/poly(acrylic acid) mixture.

To our knowledge, this is the first time that a detailed computational study is
performed in a GO/PAA system. As a first step we have opted in examining a system
without the presence of solvent, mimicking thus a mixture that has been fabricated
either by melt-mixing at temperatures above the glass transition, or via an aqueous
solution of the two components after complete evaporation of the solvent followed by
an annealing procedure at higher temperatures.

Our aim is to obtain new insight on certain aspects of the static, dynamic and

thermodynamic behavior of the formed composite, elucidating also details associated



with the interactions between the two components and with the effects of the
presence of GO in local and global conformational characteristics of the polymeric

material.

2. Model description and simulation protocol

The composite system studied was comprised by 7 GO flakes of dimensions 15 A x
20 A embedded in a polymer matrix of 30 poly(acrylic acid) atactic chains of 40
monomers each (referred to as 30paa7go henceforth), resulting in a 14.5 w/w% in GO
composite. For our study we have chosen to simulate a model with GO content which
lies in-between the range of compositions usually examined experimentally for
graphene-based polymer nanocomposites®> 4. The average size of a PAA chain of the
examined molecular weight (~2884 g/mol) as this is determined by the chain radius of
gyration (estimated to be approximately 14 A from our simulations), is comparable
to the lateral dimensions of the GO flake. For comparison purposes, we have also
simulated a pristine polymer model which served as a reference system for the
nanocomposite.

The graphene-oxide flakes were modelled with a carbon to oxygen atom ratio of 5:1

and a hydroxyl to epoxy group ratio of 3:2 approximately, in line with the GO model

25,26

proposed in refs , and terminated with hydrogen atoms as depicted in figure 1.




Figure 1: Schematic of a GO sheet model (left) and of a PAA monomer (right).

The pristine polymer model was comprised by 40 atactic PAA chains identical to
those included in the composite system (referred to as 40paa40). The partial charges
for the carbon and oxygen atoms of GO were taken from ref. °, as well as the atomic
interaction parameters which were obtained from the AMBER forcefield”’. For
compatibility purposes and following recent computational works on PAA? 2% the
respective energetic parameters for the polymer atoms were also based on the
AMBER forcefield®”3°, while the Gasteiger method was used for charge assignment
using the AMBER Antechamber module?'.

The initial configurations of the pure polymer model and of the composite were
constructed with the Packmol program®?. To obtain well equilibrated structures the
systems were gradually heated by steps of 50 K from ambient temperature up to
650K. At each temperature a combination of energy minimization and MD
simulations lasting several tens of ns (depending on temperature) in the isobaric-
isothermal ensemble (NPT) were performed. The production trajectories were
recorded during the cooling procedure, starting from 650 K down to 300 K. A similar
equilibration protocol was also followed at each temperature during the cooling part
of the simulation (again with steps of 50 K) with a timestep of 1 fs (using the r-
RESPA algorithm for the evaluation of the long-range interactions every two
timesteps), a frame saving frequency of 1 ps and at a pressure of 1 bar. The initial
structure at each temperature was obtained from the last configuration of the previous
temperature. The degree of equilibration at each temperature was determined by the
stabilization of characteristic conformational and thermodynamic quantities, such as
the total and the partial energies, the density, the radius of gyration of the polymer
chains and the spatial arrangement of the molecular species contained in each model.
During the NPT MD runs the temperature control was performed by means of the
Langevin method (with a damping coefficient of 5 ps™!') and the pressure control by
employing the Nose-Hoover Langevin piston method** (using a piston period of 0.1
ps and a decay time of 0.05 ps). Electrostatic interactions were taken into account via
the particle mesh Ewald (PME) algorithm.** All simulations were performed with
NAMD 2.11% under periodic boundary conditions and with a distance cutoff of 12 A
for non-bonded interactions. All the analysis was performed by custom made routines.
Figure 2 portrays the configurations of the composite model before and after the

application of the annealing procedure and the equilibration as described above, at



300K. The snapshot of the equilibrated system shows that a number of GO flakes tend
to organize into clusters while others remain unpaired within the polymer matrix. The
aggregation of GO flakes is similar to the behavior of non-oxidized graphene systems

where clusters comprised by 2-3 platelets had been observed®®37 .
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Figure 2: Snapshots in unwrapped coordinates of the composite system prior to (left)
and after (right) the heating and cooling cycles applied to the system, at 300K.

3. Results and discussion
3.1. Thermal behavior and chain conformational characteristics

To monitor the thermal response of the examined systems we have followed the

temperature dependence of the specific volume.
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Figure 3: Temperature dependence of the specific volume for the pristine polymer
and the composite, as obtained during the cooling procedure described in the text



(symbols). The lines through the points denote the result of fitting the data with a
modified Sanchez-Lacombe equation (see text).

In figure 3 we depict the temperature dependence of the specific volume for the bulk
and the nanocomposite systems. A cursory glance at the data indicates a transition in
the rate of change of the specific volume as a function of temperature, implying two
distinct regimes. From the low temperature regime (i.e., below 450K) of the simulated
bulk PAA model, a thermal coefficient of expansion of 2.13 X 10 K™! was calculated
which compares well with an experimental value®® of 2.08 + 0.04 X10* K''. The
aforementioned transition between the two regimes is commonly identified as a glass
transition region®. In order to estimate the glass transition temperature (Tg) in a more
accurate manner, we have employed the modified Sanchez-Lacombe equation of
state®*. Although the original lattice fluid model*! does not predict the characteristic
temperature dependence of the density at the glass transition region, the insertion of a
sigmoidal temperature dependent pairwise energy was found to describe fairly well
the results from simulations and relevant experiments*’. The estimated glass transition
temperatures were 412 = 4 K and 450 + 10 K for the simulated bulk and the
nanocomposite systems respectively. The experimental value for the glass transition
temperature of PAA was determined to be 401 K*? which is reasonably close to the Tg
determined from the simulational data as described above. The somewhat higher glass
transition temperature value from bulk PAA simulations, can be accounted for if we
also take into consideration that the effective cooling rate in simulations is much
higher* than the usual rate of 10 K/min applied e.g., in differential scanning
calorimeter experiments.

The higher Ty value predicted for the composite system is reminiscent of a shift in Tg
to higher temperatures with respect to the pure polymer, in functionalized graphene-
based nanocomposite materials as this was observed in recent experimental** and
computational studies*. In these works, the increase of the glass transition
temperature in the composites was attributed to the presence of functional groups
which assisted the physical adsorption of the polymer chains onto the graphene
surface. This issue will be discussed in detail in the section 3.3 of the manuscript.

To check whether the presence of GO affected on average the polymer
conformational characteristics, we have calculated the characteristic ratio of the PAA

chains in the pristine system and in the nanocomposite as depicted in figure 4.
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Figure 4: Characteristic ratio of the PAA chains in the examined systems

The characteristic ratio is defined as

. (R

! nl’

(1)

2
where <R e > corresponds to the mean-square end-to-end distance of the polymer

chain, n denotes the number of main-chain backbone bonds and | is the mean length
per skeletal bond. As shown, at all temperatures the ratio remains very close to the
value of 6.7 which represents the characteristic ratio of pure PAA at theta
conditions*®. The presence of GO appears to have only a minor effect as the
temperature approaches the glass transition from above. The moderately smaller
values in the composite within the glassy region is consistent with previous
observations in a polymer/graphene nanocomposite, where it was found that this
effect was related to a population of chain configurations bearing close end-to-end
distances*’. On average though, the shape of the polymer chains in the hybrid

material (see figure S1 in the ESI) was found to be rather insensitive to the presence

of the filler at the examined composition.

3.2. Polymer physical adsorption and local order close to the GO
surface



As a first step towards exploring the characteristics of physical adsorption of PAA
chains onto the GO sheets, we have examined the density profile of the polymer
chains in a direction perpendicular to the GO plane. Since the shape of the GO does
not remain perfectly planar after the equilibration procedure and during the
production runs (see fig. 2), in consensus with previous works** 4| the effective
definition of a GO plane was based on its center of mass and on the two principal axes
of inertia of the platelet which were on average parallel to the GO surface. The
direction of the third axis which completed the orthogonal system of the principal
axes of inertia defined thus each flake’s direction. The calculated density profiles are

presented in figure 5. The zero value of the x-axis corresponds to the location of a GO

plane as defined above.
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Figure S: Density profiles of PAA along the direction perpendicular to a GO sheet

A key feature characterizing the profiles is the appearance of several peaks at
different distances from a GO plane. This feature is close to the generic picture
characterizing the density modulation of a linear polymer near a solid surface due to
the packing constraints and the excluded volume effects*® which is also present in the
case where the solid surface is replaced by an atomic-thick sheet**>!. In the later

studies where perfectly flat surfaces were examined, it was also found that the



intensity of the density peaks close to the surface assumed values 2-3 times higher
compared to that of bulk polymer. In such cases, an anisotropy in the displacement of
the adsorbed layer was also observed®> >*. This is clearly not the case in the composite
system studied here. Our results, though, are consistent with the findings from a
previous work where it was shown that the density profiles of adsorbed water on
graphene changed (i.e., their intensity decreased) when the roughness of the surface
increased®®. On these accounts, this effect seems to be related to the non-flat surface
of the GO used in our study.

Furthermore, in our system the corresponding substrate may consist either from a
single or from multiple GO sheets as discussed earlier, so that the calculated spectra
essentially reflect an overall average (i.e., irrespectively to whether a GO sheet
belongs to a cluster or not). The first peak adjacent to the GO surface at a distance of
4 A can be attributed to the physically adsorbed polymer layer, while the peaks at
longer distances may also reflect those polymer segments that are located close to
neighboring GO flakes, including those belonging in the same or in a neighboring
cluster. A common characteristic of the observed peaks is that their intensity increases
upon temperature decrease, which is consistent with a higher degree of monomer
localization as the system enters the glassy state.

To check the orientation of the PAA monomers at different distances from a GO plane
as the system approaches the glassy state from above, we have calculated the
orientational parameter, P2, of the backbone carbon-carbon (C-C) bonds (see

schematic of the PAA monomer in figure 1) defined by
1
P,(¢)= 5(3 cos” 1) 2)

In eq. 2, ¢ represents the angle between a PAA backbone C-C bond and the vector

normal to a GO plane, as described earlier. The angle brackets indicate an ensemble

and time average. P2(¢) assumes a value equal to 1 for a parallel orientation of the

two vectors, a value of -0.5 for a perpendicular arrangement and a value of 0 for a
random orientation. The dependence of the bond orientational parameter on the
distance from a GO plane and on the temperature is shown in figure 6. Visual
inspection of the behavior of the C-C orientational parameter reveals that as the

system enters the glassy region, a preferential orientation of the bonds normal to the
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GO plane develops close to the GO surface. At the lowest examined temperature,
almost half of the C-C bonds appear to arrange in this manner. This behavior differs

51,55 where in polymer/graphene composite

from that observed in previous works
materials, a strong tendency for parallel orientation of the polymer backbone bonds

was observed onto a perfectly flat graphene surface.
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Figure 6: Polymer backbone C-C orientational parameter as a function of the distance
from a GO plane for all the examined temperatures. Each curve is shifted on the y-
axis by 0.2 with respect to its previous temperature. Dashed lines denote the
corresponding zero levels.

To rationalize this picture, on one hand it must be taken into account that in our case
the GO flakes are not perfectly flat, while on the other hand the presence of
hydroxyls and epoxy oxygens onto the graphene’s surface may impose certain
geometric constraints which could hinder a parallel orientation of the PAA monomers
close to a GO sheet. Moreover, the hydrogen-bonding-capable atomic pairs between
PAA and GO may impel energetically favorable backbone arrangements other than
parallel to the GO surface. Actually, in our case it is the hydroxyl hydrogen (HO) —
hydroxyl oxygen (OH) bond of the PAA monomer that shows a tendency for a
parallel to the GO plane orientation close to its surface (see figure S2 in ESI), which

is enhanced as temperature drops.

3.3. PAA and PAA-GO hydrogen bonding
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To explore the degree of intra and intermolecular hydrogen bonding between the
polymer chains and GO, we have considered appropriate atomic pairs such as epoxy
oxygens (OS)-hydroxyl hydrogens (HO) and hydroxyl oxygens (OH)-hydroxyl
hydrogens (HO), between PAA molecules and GO and between PAA chains only.
The definition of a hydrogen bond was based on geometric criteria, such as the
hydrogen—oxygen distance and the angle 6 formed by the donor—hydrogen—acceptor
triplet. The minimum value for 6 for the identification of the hydrogen bond was
taken to be 120°.%% 37

To check the presence of hydrogen bonding within the potential donor-acceptor pairs,
we have calculated the relevant pair correlation functions selecting only those pairs
which satisfy the angle criterion described above. As an example figure 7 illustrates

PAA HO-OH intra- and intermolecular pair correlation functions in the composite

system.
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Figure 7: Pair correlation functions between hydroxyl hydrogens and hydroxyl
oxygens for the PAA intramolecular (left) and the intermolecular (right) pairs in the
composite system for all the examined temperatures.

In both cases a dominate peak appears close to a 2.5A separation which is consistent
with pairs forming a hydrogen bond*®. The secondary peak in the intramolecular pairs
can be attributed to the hydroxyl groups of the neighboring monomers. As shown in
the corresponding intermolecular spectra, this peak is suppressed due to the lack of
connectivity between the intermolecular pairs. The corresponding spectra in the
pristine system are very similar (see fig. S3 in the ESI). Following the same
procedure, we have calculated also the spectra for PAA-GO pairs as shown in figure
8. For both kinds of pairs examined, a hydrogen bonding peak (HBP) can be

identified at a separation close to 2A. The mere detection of hydrogen bonding in an
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assessment of the degree of physical association between monomers belonging to the

same chain or between two different molecules.
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Figure 9: Average number of hydrogen bonds per timeframe. The left panel displays
the average number of PAA intra- and intermolecular HO-OH hydrogen bonds per
chain in the pristine polymer system and in the composite. The right panel shows the
average number of inter-species HO-OH and HO-OS hydrogen bonds per GO oxygen
atom. The lines in the left panel are guides to the eye.

On the contrary, the intrachain PAA hydrogen bonding remains practically unchanged
as a function of temperature, while it does not seem to be affected by the presence of
GO.

The enhancement of the degree of interchain hydrogen bonding in both systems can
be rationalized by the increase in density as the temperature drops, which enhances
the probability for hydrogen-bonding-capable atoms to form hydrogen bonds (i.e.,
due to the increase in the number of their atomic neighbors). In the case of the
composite system, the GO intervention lowers to a certain extent the probability for
interchain contacts, thus leading to a small decrease in the degree of the interchain
hydrogen bonding. The apparent independence of the PAA intrachain hydrogen
bonding to temperature, is consistent with the insensitivity observed in the chain
shape characteristics (see fig. S1).

Looking at the PAA/GO hydrogen bonding (fig. 9 right) it is evident that the OH-OH
pairs are much more frequent than those involving the GO epoxy oxygens. It appears
also that there is no systematic dependence on temperature, for both examined pairs.
To examine the longevity of the formed pairs, we have calculated the hydrogen bond

correlation function® according to eq. 3
h(t) =22 3)
(o)

In this expression g(t)=1 for any examined pair, if this pair forms a hydrogen bond at
time t, and 0 otherwise. Angle brackets denote averaging over all pairs and times.
This function essentially expresses the probability of a hydrogen-bonded-capable pair
being bonded at time t, provided that the pair formed a hydrogen bond at t=0.
Because this function does not take into account any possible breaking in the interim
time between t=0 and t, it is sensitive not to the lifetime of a bond remaining
continuously intact, but rather to the long time behavior®® which reflects the
possibility of the atomic pair to remain in close vicinity and in an appropriate
geometry in order to form a hydrogen bond. Spectra of h(t) for the HO-OH PAA/GO

pair which is the more abundant is shown in figure 10.
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It is clear that as the temperature lowers, the correlation functions decay at longer
timescales. The short time regime at which all curves coincide, describes the very fast
breaking and recombination process due to the librational motion of the bonds. The
longer time regime where the curves differentiate strongly with temperature, should

be associated with the slower change of the local environment as temperature drops.
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Figure 10: Hydrogen bond correlation functions for the HO-OH hydrogen bonding
pair between PAA and GO, at the examined temperatures. Trajectories of shorter than
Ifs timestep were generated for the calculation of the short time regime of the
correlation functions.

To obtain an idea regarding the corresponding timescale, we have calculated a
characteristic time ti/ at which h(tic)=e!. Figure 11 shows the dependence of the
rates Ti/e”! extracted from the correlation functions of fig. 10 as a function of inverse
temperature and compares them with those describing the dynamics of PAA/PAA
pairs both, in the pristine polymer system and in the composite (see figure S4 in the

ESI).
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Figure 11: Relaxation rates vs inverse temperature for HO-OH pairs between PAA
atoms and PA/GO atoms. In the legend description, “intra” corresponds to
intermolecular and “inter” to intermolecular pairs.

Evidently, the HO-OH pairs formed between PAA and GO assume the lower rates, or
in other words they correspond to the longer-lived hydrogen bonds. Due to the much
stronger temperature dependence of the characteristic rate of the PAA/GO pairs
compared to those of the PAA/PAA analogues, the time separation between the later
and the former grows dramatically (reaching several orders of magnitude) as
temperature decreases. Between the PAA/PAA HO-OH pairs, the intermolecular ones
are somewhat longer-lived, while the presence of GO at the examined content does

not appear to affect appreciably their characteristic timescale.

3.4 Effects of the presence of GO on polymer dynamics

To examine the effects of the presence of GO in polymer dynamics, we calculated
appropriate time correlation functions probing motional processes at different

lengthscales.

3.4.1 Effects in global polymer motion

To probe the overall rotational motion of the PAA chains, we monitored the second

order correlation function of unit vectors Iz(t) connecting the center of mass of a

polymer chain with its atoms according to eq 4

C. (0= (3[k()-k ()] -1) @

Angle brackets denote time and ensemble average over all vectors per chain and over
all chains. Figure 12 presents Ca(t) spectra describing the rotational motion of PAA
chains in the pristine system and in the composite. As anticipated, all curves shift to
longer timescales as temperature decreases. Moreover, at all temperatures shown, the
correlation functions describing chain motion in the composite systems decay at
longer timescales compared to those at the respective temperatures in the bulk. As

these correlation functions reflect the average behavior considering all polymer



16

chains, it is reasonable to assume that this effect arises mostly by those chains in

close vicinity to GO flakes, which may act as spatial obstacles to the chains’

rotational diffusive motion.
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Figure 12: Overall rotational correlation functions for PAA chains in the pristine
system (open symbols) and in the composite (filled symbols). The inset depicts the
corresponding relaxation rates (see text) as a function of inverse temperature. Spectra
at lower temperatures are not shown due to their very low degree of decorrelation in
the examined time window.

To get an estimation of the relevant timescales exploiting also the behavior at lower
temperatures where the degree of the decay of the correlation functions becomes very
low, we have applied a method that mimics the time-temperature superposition
principle employed in polymer rheology®! ®2. Taking the correlation function of a
temperature as reference (here 450K), we calculated the temperature shift factors
necessary for the rest of the curves to superpose on a single mastercurve. Then, by
estimating the absolute relaxation time at a temperature (here at 650K) where an
adequate relaxation degree has been attained within our simulation window (i.e., by
integrating the correlation function) and using the temperature shift factors, an
estimation of the correlation times for the remaining curves was made.

The outcome of the superposition into a single mastercurve for the spectra shown in
fig. 12, was excellent (see fig. S5 in the ESI) and the resulted relaxation rates are
shown in the inset of fig. 12. The rates corresponding to the composite systems were
found to be approximately 3 times lower compared to those in the pristine polymer.
This finding can be understood if we take into account the physical adsorption of part

of the chains onto the GO surface and the restricted diffusion of the rest of the chains
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in the presence of the filler®. Namely, those PAA chains which become physically
adsorbed onto a GO surface form polymer/GO complexes with increased effective
mass and thus with a slower overall dynamics. On the other hand the GO
flakes/clusters diffuse increasingly slower as temperature decreases, acting thus as a
disordered array of slowly moving obstacles through which the non-adsorbed polymer
chains must rearrange and diffuse®* ¢°.

It is also noteworthy that the relaxation rates in both systems follow a similar
temperature dependence, indicating that at temperatures above Ty and in the examined
GO content the relaxational mechanism for the overall chain motion remains the
same in the bulk and in the composite. This notion does not necessarily remain true

under conditions of a higher degree of constriction*’> 2.

3.4.1 Effects in local polymer motion
Dynamics in the length scale of a bond was examined by calculating rotational

correlation functions (referred to as gz(t)) using an expression analogous to eq 4, with

the only difference that IZ(t) represented a unit vector along the examined bond. The

g2(t) function essentially probes the rorientational motion of a bond, and its Fourier
transform (i.e., the spectral density) is closely related to the outcome of Neutron
Magnetic Resonance (NMR) experiments®®.  We focused on the dynamics of the
backbone C-C and the hydroxyl HO-OH bonds of the PAA chain in the bulk and in
the composite system, while we also examined in more detail the respective dynamic
behavior close to the GO surface. Figure 13 depicts ga(t) spectra describing the
dynamics of the C-C and the H-O vectors by taking into account all bonds of each
kind.
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Figure 13: Reorientational correlation functions of the backbone C-C (left) and the
hydroxyl HO-OH (right) bonds in the composite (symbols) and in the pristine PAA
model (lines). Spectra at lower temperatures where the degree of decorrelation is quite
low in the examined time range, are omitted for clarity. For the short time regime,
trajectories with a timestep shorter than 1fs were produced.

These correlation functions reflecting an overall average of all bonds, describe
dynamics which are usually accessible to experimental techniques such as dielectric
spectroscopy, NMR and neutron scattering®®®. As shown in figure 13, in the regime
above Ty and for both kinds of bonds, for a specific temperature the decay of the
correlation functions takes longer in the composite system. In addition, the C-C and
the HO-OH spectra at the same temperature are characterized by distinct features.

The most striking difference is that the HO-OH curves show a peak at a timescale
close to 0.1 ps which is absent from the C-C correlograms. This feature can be
identified as a “recorrelation” in the bond rotational motion which is associated with
the breaking and recombination of hydrogen bonds in which the HO-OH bonds
participate®®. A reasoning similar to that used for the overall chain rotational motion,
can also be adopted in order to account for the somewhat slower timescale of the
spectra describing the PAA bonds in the composite. A slower overall motion of chains
near the GO surface can be reflected to bond dynamics as well’® "', In addition, as
was discussed in section 3.2, a higher density is observed close to a GO platelet,
together with a considerable degree of bond ordering. Furthermore, the surface
roughness of the GO sheets is expected to work towards retarding local dynamics
with respect to the bulk’>. All of these factors combined may contribute to the
observed slowing down of bond reorientation near the GO moieties.

To quantify the degree of slowing down of bond motion in relation to its distance
from a GO plane, we calculated gx(t) spectra of bonds located at different distance
ranges from a GO sheet. Since the composite system was comprised by multiple GO
platelets, we focused only on the two layers closer to a GO plane, in order to
minimize the probability of “mixing” the dynamics between layers of different GO
immediacy (e.g, a third layer of a GO sheet could also be the first layer of a
neighboring GO plane). Figure 14 portrays g(t) function for the backbone C-C and
the HO-OH PAA bonds at a temperature above Tg, located within 0-4 A (first layer)
and 4-8 A (second layer) from a GO plane and compares them with that describing
the overall average (all distances included). Evidently, the layer closer to GO plane

exhibits the lower degree of decorrelation (i.e., reflects slower dynamics). This layer
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includes the bonds which are characterized by an enhanced local order and also
participate in hydrogen bonding with the GO flakes (figures 6,7,8 and S2 in ESI).
This dynamic differentiation of bonds adjacent to a GO flake is present at all the
examined temperatures (see figure S6 in the ESI). It also persists for dynamic
processes that require the synergistic motion of more than one bonds, such as the

torsional transitions (see figure S7 in the ESI).
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Figure 14: Reorientational correlation functions for C-C (left) and HO-OH (right)
bonds at 500K for two layers adjacent to a GO plane (filled symbols) and for all the
bonds (open symbols).

Figure 15 maps the relaxation rates r;: (following a definition as in section 3.2)

resulted from spectra describing the reorientation of bonds belonging to the first and

the second layers together with those corresponding to spectra describing the overall
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Figure 15: Reorientation relaxation rates for the C-C (squared symbols) and the HO-

OH (circles) PAA bonds in the composite. Filled symbols represent the overall

average, open symbols the 1% layer and crossed symbols the second layer.
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The dependence of rates in figure 15 shows that the slowing down of bond
reorientation at the first layer, with respect to the average behavior, amounts to a
decade or larger particularly as temperature drops (while still in the region above the
estimated Tg). This slowing down is considerably larger (approximately twice as high)
for the C-C bonds when compared to the retardation experienced by the HO-OH
analogues. Although to a first approximation it might have been expected that
formation of hydrogen bonds between PAA and GO close to the GO surface could
have resulted to a more severe retardation of the HO-OH bonds, this did not come to
be the case since the relevant hydrogen bonding survival times were found to be much
smaller (i.e., corresponded to much higher rates) than the times required for the HO-
OH reorientation, even at the layer immediately adjacent to GO. Actually, hydrogen
bonding between the polymer and GO could increase the hindrance for polymer
backbone rearrangements, thus contributing further to the slowing down of the

reorientation of the backbone bonds close to the GO surface.

3.5 Conclusions

In this study we have employed fully atomistic molecular dynamics simulations in
order to examine in detail a nanocomposite material comprised by graphene oxide and
poly(acrylic acid) in the absence of solvent.

The dispersion of the GO flakes in the polymer matrix was characterized by the
formation of oligomeric clusters in coexistence with isolated GO sheets. The presence
of GO shifted the apparent glass transition of the mixture to a higher temperature
compared to the pristine polymer system, in line with previous experimental studies
in graphene/polymer composites*. This effect can be directly correlated to the overall
average slowing down at a local length scale (i,e. that of a bond or few bonds) as can
be recorded by relevant experimental methods, which is known to be related to the
so-called o-relaxation that drives a polymer-based system to the glass transition’>.
This apparent average dynamic slowing down, was found to originate mainly by the
behavior of monomers immediately adjacent to a GO flake, with the bonds belonging
to the polymer backbone (C-C) assuming a slower mobility compared to those in side
groups (HO-OH), despite the possible participation of the latter in hydrogen bonding.

Only part of the bonds belonging to such monomers were found to adopt an ordered
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arrangement, resulting in rather low intensity peaks in the density profile normal to
the rough GO surface. The orientational relaxation of these bonds was realized in the
presence of a GO/PAA hydrogen bonds mostly involving hydroxyl groups. The latter
were found to be significantly longer lived and with a stronger temperature
dependence in their dynamics, compared to analogous intra and intermolecular
hydrogen bonds involving only polymer chains. The number of the PAA/PAA
hydrogen bonds was found to decrease in the presence of GO.

Dynamics on the lengthscale of the entire chain in the composite was also found to be
slower compared to that in the pristine PAA system, but following a similar
temperature dependence. As the chain-wide rotational motion of pure PAA was
found to be time-temperature superposable, it appears that the implied rheological
simplicity of the pure polymer remains present also in the mixture with GO at the
examined content.

The system examined in the present work bears some intriguing features, such as the
nanoscale dimensions of the GO flakes in polymer dispersions which recently came

into focus'® 7476

and the hydrogen bonding between the graphene-based filler and the
polymer matrix. It also elucidates effects of the GO surface roughness in the polymer
adsorption profile and in local polymer dynamics at the GO/polymer interface. Such
features are expected to be present in a broader range of composite materials formed
by components with similar physicochemical attributes and thus may offer the basis

for the interpretation of some key aspects of their physical behavior.

Electronic supplementary information (ESI) available: Shape parameters of polymer
chains, orientational parameter of the HO-OH bond of the PAA monomer with
respect to the GO plane, OH-OH pair correlation functions in the PAA pristine
system, hydrogen bond correlation functions for the PAA HO-OH pairs, mastercurves
and shift factors for the overall chain correlation functions, comparison between the
spectra describing reorientational dynamics of bonds belonging to the 1st layer close
to a GO plane and the corresponding overall average, comparison of torsional
autocorrelation spectra at different distance ranges from a GO plane to those

describing the average behavior of all the dihedrals.
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