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Abstract 

All atom molecular dynamics simulations were employed to explore graphene 

oxide/poly(amido amine)-dendrimer (GO/PAMAM) hydrated composite systems, as a 

function of temperature and dendrimer generation, at neutral pH conditions. Our main 

focus was to provide a detailed description regarding structural features in the 

microscopic level and to assess key-aspects related to the interfacial interactions related 

to the  associative behavior between the two main components of the composites. It was 

found that the average separation between the GO sheets depended in a non-monotonical 

manner on the dendrimer generation. The structural coherence of the membranes 

increased as the size and the compactness of the dendrimer molecules increased. The 

dendrimers were found to physically adsorb on the GO surface. The GO/PAMAM 

association was driven by  electrostatic interactions due to the development of  a polar 

character in both components, as well as on hydrogen bonding involving charged groups. 

The  latter was found to increase with temperature. Examination of the GO/PAMAM 

hydrogen-bonding dynamics  revealed a  temperature and generation independent 

mechanism which was persistent over the several-hundred-ns-wide trajectories examined 

in the simulations.  

The detail afforded by the present study provides new insight towards the optimization of 

the performance of such membranes, based on a rational design at the microscopic level. 
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1. Introduction 

 
Polymer-based membranes are currently being used, or being considered for use, in a 

wide range of applications including uses in energy, e.g., in fuel cells and  batteries1-4, in 

environmental processes, e.g. as pollutant absorbents5-8, and in other industrial 

applications such as in gas separation9-10, water purification11-12, desalination13-14, etc. 

Despite the progress that has been made in their fabrication techniques  and in their 

performance, general issues related to their structural  stability, their resistance to 

degradation  under prolonged operation and more specific  issues such as their selectivity 

vs permeability or their responsiveness to external stimuli, are among those that need to 

be resolved for the improvement of their performance15-16. To this end, composite 

membranes comprised by polymeric and inorganic components (e.g, zeolites, carbon-

based materials, ceramics etc) which can combine the desirable properties of the two 

components, show great potential in membrane development owing to their reliable 

processing strategies and their enhanced thermal and mechanical stability17-19.  

Recently, carbon-based composite materials have offered new routes for the fabrication 

of next-generation membranes with controlled structures and physicochemical 

properties20-22. Apart from the one-dimensional carbon nanotubes, progress on the 

synthesis and the processing protocols of two-dimensional graphene and its derivatives, 

offer new opportunities for the development of a novel class of membranes with 

exceptional properties23-25. In particular, graphene-based membranes fabricated following 

different approaches (e.g. drop-casting, vacuum filtration and spin-coating) possess 

favorable microstructures23, responsiveness22, 26-27 and distinct transport pathways, 

allowing them to be used for processes such as forward and reverse osmosis26, 28, ultra- 

and nano-filtration29-31, gas separation10, 32, sensing33-35, etc.  

While in several of such applications, membranes based on pristine graphene appear as 

ideal candidates in cases where enhancement of conductivity or absorbance/filtration of 

organic compounds such as polycyclic aromatic hydrocarbons is desired, those based on 

its oxidized form, graphene oxide (GO), offer more facile means for their  fabrication due 

to the  liquid-phase processing feasibility (e.g, via well developed membrane-coating 

technology using GO dispersions) combined with a higher versatility in tuning their 

characteristics (e.g., their dispersibility, their selectivity and their anti-fouling properties) 

through chemical functionalization31, 36-38. In such GO-based membranes, adjustable 
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nanochannels between neighboring GO flakes can be formed allowing selective 

molecular or ionic transport14, 22, 39. The oxidized domains with, or without the presence 

of chemically attached molecules, can act as spacers to separate adjacent GO sheets and 

facilitate water intercalation, thus allowing high water-transport rates (which could 

promoted ionic conductivity40-41) while at the same time impeding permeation of other 

liquids, vapors and gases42. 

There are still many challenges related to the processing approaches for the fabrication of 

GO-based membranes with tunable characteristics, such as control of the inter-layer 

spacing after the hydration of GO in an aqueous environment43 and achievement of an 

inter-locked microstructure which will ensure reproducibility in fabrication and structural 

stability20-21, 44. To address such challenges, a deeper understanding of the microscopic 

processes which are ultimately responsible for the structure-performance relationship 

becomes necessary. In this context, molecular simulations which can provide information 

down to the atomic level, is a unique tool towards this goal45-46.  The benefits of 

employing fully atomistic molecular dynamics (MD) simulations to explore in detail 

morphological, mechanical, dynamic and thermodynamic properties of  graphene-based 

polymeric membranes, have recently been demonstrated46-51.  

In this work we focus on hydrated graphene oxide/poly(amidoamine) dendrimer 

composites, exploring the effects of the size of the dendrimer molecules and of the 

temperature in structural and thermodynamic properties of the membranes.   Poly(amido 

amine) (PAMAM) dendrimers are highly-branched polymers with a regular branching 

pattern, which starts from a focal point and emanates radially outward forming the so-

called “generational shells” (see figure 1). The maximum number of such generational 

shells defines the generation number of the dendrimer.  The high number of surface 

groups endows these molecules with high functionality, while their solubility in water 

and their nanoscale dimensions render them good candidates for the formation of GO-

based composite membranes. In particular, their ability to ionize through protonation of 

their primary and tertiary amines depending on pH52 essentially allows the control of their 

size (due to the electrostatic repulsion between the charged groups) and thus the 

morphological characteristics of their dispersion in aqueous GO solutions. Based on these 

attributes, recent experimental studies have explored the ability of GO/PAMAM 

composite membranes to act as materials for nanofiltration and other environmental and  

sensing applications 6, 14, 38, 53-55,56. 
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Previous simulational efforts have only addressed issues related to the microstructure of 

dendrimer/graphite composites57  and the ability of  graphene/PAMAM mixtures to bind 

aromatic contaminants from water6. Other computational works have addressed issues 

related to the enhancement of the dispersion of carbon-based fillers in the presence of 

PAMAM dendrimers58-59. In our study, the GO/PAMAM hydrated membranes will be 

examined at neutral pH levels, where both of the components appear in their ionized 

states as will be discussed in the section to follow. 

   

2. Molecular Models and Simulation Protocol 

 

 

Figure 1:  Schematic of a GO flake in frontal and lateral view (left), and of a 4th 

generation PAMAM dendrimer (right), used in the present study.  In the GO 

representation, carbon atoms are shown in dark cyan, oxygen atoms in red and hydrogen 

atoms in white. The dashed circles in the PAMAM picture denote the different 

generational shells. 

 

Modelling of the GO flake was based on the Lerf-Klinowski60 scheme, which suggests 

that the epoxy and hydroxyl groups are distributed randomly on  both sides of the  basal 

carbon plane,  while the carboxyl groups are attached to the carbon atoms on the edge. 

The construction procedure resulted to 1 carboxyl group every 20 carbon atoms61. The 

carbon to oxygen ratio was kept approximately to 5:1 and that of the hydroxyl to epoxy 

groups to 3:2.  In addition, to mimic neutral pH conditions, all the carboxyl groups were 

taken to be ionized while the hydroxyl groups were kept protonated62. Parameterization 
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of the bonded and non-bonded interactions for the GO atoms was based on the OPLS-AA 

forcefield63, which has recently been used for the description of  oxidized forms of 

graphene61, 64-66. 

Structures for the different generations of the  PAMAM molecules were taken from 

previous work67. Under neutral pH conditions, the primary amines of the PAMAM 

molecules (see figure 1) become protonated, while the tertiary amines remain 

uncharged52. For consistency purposes, the dendrimer molecules were also parameterized 

according to the all atom OPLS forcefield, which has previously  been utilized for their 

energetic description in simulational studies6.  Water molecules were modelled according 

to the TIP3P model68.  The electric neutrality of the systems was maintained by the 

inclusion of an appropriate number of counterions (here using negatively charged Cl-). 

The water content was 35% w for all systems. Such hydration levels of GO-based 

membranes have recently been studied in permeability studies21. Table 1 shows the 

composition of the examined models. 

 

Table 1. Compositions of  the simulated systems. 

  
System Charge per 

PAMAM/GO 

molecule 

Number of  

GO flakes 

Number of  

PAMAM 

molecules 

Number of 

Cl- 

counterions 

Number 

of water 

molecules 

GOPAMAM2 (G2) +16/-26 18 88 940 15266 
GOPAMAM3 (G3) +32/-26 18 44 940 15266 
GOPAMAM4 (G4) +64/-26 18 22 940 15266 

 
The dimensions of the GO flakes were kept at the nanoscale in order to be comparable to 

the average size of the dendritic molecules  (the radius of gyration at physiological pH 

levels  was found to be close to 20 Å for the largest size dendrimers69). Nanosized 

dispersions based on graphene and graphene oxide have recently been fabricated and 

studied experimentally70-72. 

All initial configurations of the models were constructed using the Packmol program73.  

The simulations  were performed following the isothermal-isobaric (NPT) ensemble,  at a 

pressure of P=1bar and at 3 different temperatures, i.e., 300K, 325K and 350K. Ensuing 

their construction, the models were energy minimized and equilibrated utilizing NPT MD 

for about 400ns. After the equilibration, stabilization of energetic and structural 

parameters was reached, including total and partial energies, the overall density, the 

average size of the dendrimers and the spatial arrangement of the components. Ensuing 

the equilibration, production runs of at least 400ns were generated and analyzed. 
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The MD simulations were performed using periodic boundary conditions and a timestep 

of 1 fs.  The r-RESPA algorithm was employed for the computation of the long-range 

interactions every 2fs,  and the  frame saving frequency was  set to 10 ps (higher saving 

frequencies were also used for specific purposes).  

Temperature control was performed using the  Langevin algorithm  with a damping 

coefficient of 5 ps-1, while  pressure was controlled via  the Nose-Hoover Langevin piston 

method74 with a piston period of 0.1 ps and a decay time of 0.05 ps. Electrostatic 

interactions were evaluated using the particle mesh Ewald scheme75. All simulations were 

performed with NAMD 2.1276 with a distance cutoff  of 12 Å for the non-bonded 

interactions. Post-analysis was performed by custom-made routines.    

 Figure 2 portrays snapshots of the equilibrated models at T=300K (see fig. S1 in ESI for 

the initial configurations).  

 

                      

                      

Figure 2: Equilibrated structures of the GOPAMAM2 (G2), GOPAMAM3(G3) and                      

of the GOPAMAM4(G4) models at T=300K. Dendrimer molecules are shown in                      

green, GO flakes as dark cyan (with red and white beads corresponding to the oxygen                      

and the  hydrogen atoms, respectively) and counterions in blue. Atoms of water                           

molecules are  shown as red (oxygen) and white (hydrogens) dots. 

 

3. Results and discussion 

 

 
A. Conformational Characterization of the Dendritic Molecules in the Membranes 

 

To characterize the conformational features  of the dendritic molecules, we examined 

properties such as their size and their shape, as represented by their average radius of 

gyration (Rg)
67  and their asphericity77. As it was shown in  previous studies of  aqueous 

solutions of PAMAM dendrimers67, 78, such features, apart from the dendrimer 

generation, they also depend on  pH, while in the melt state they show a rather weak 
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temperature dependence79. Table 2 lists the radii of gyration of the dendrimers for the 

systems and at all the examined temperatures. Evidently, the average dimensions of the 

dendrimers are not sensitive in temperature at the examined range. Available literature 

data for the average Rg of PAMAM dendrimers in aqueous solution at neutral pH 

conditions and at 300K, correspond to values of 13.6 Å, 17.2 Å and 21.7 Å for 

generations of 2,3 and 4 respectively78. Although for the size of the smallest generation 

there is a good agreement (see Table 2), the dimensions of the higher generation 

dendrimers in the composite systems examined here, appear to be smaller. This behavior 

might be related to the more constricted environment experienced by the dendrimers in 

the composites, which becomes more effective as the compactness of the dendritic 

structure increases  when the generation grows80-82.  

 

Table 2. Radius of gyration, Rg,  of the dendrimers, in Å 

  

System 300K 325K 350K 

GOPAMAM2 (G2) 13.66 ±0.03 13.73 ±0.03 13.77 ±0.04 

GOPAMAM3 (G3) 15.13 ±0.04 15.48 ±0.08 15.51 ±0.05 

GOPAMAM4 (G4) 16.97 ±0.05 17.40 ±0.10 17.70 ±0.07 

 

 
Figure 3 shows the asphericity of the dendritic molecules as a function of dendrimer and 

generation. The closer the asphericity value to 0, the more spherically symmetric the 

distribution of the atoms with respect to the geometric center of the molecule. 
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Figure 3: Asphericity of the dendrimer molecules in the GOPAMAM2 (G2), 

GOPAMAM3  (G3) and GOPAMAM4  (G4) systems. The open circle (G3wat) and the 
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triangle (G4wat) refer to literature asphericity data (see text) of PAMAM molecules in 

analogous GO-free systems, at T=300K. 

 
Apart from the expected decrease of asphericity as the dendrimer generation grows67, 82, it 

is also shown that the dendrimer shape in the composites practically remains unaffected 

by temperature in the examined range. This insensitivity in temperature characterizes also 

the internal  structure of the dendrimers, as this was concluded by examining the density 

distributions with respect to their center of mass (see figure S2 in the SI).  The asphericity 

of the G3 and the G4 dendrimers in a GO-free aqueous solution67 at T=300K and at 

neutral pH conditions, was found to be 0.030.01  and 0.020.01 respectively, i.e., less 

than half compared to the corresponding values in the presence of GO.  This indicates 

that the degree of deformation is the shape of the dendrimers is higher in the composite 

systems. A higher degree of shape anisotropy was also observed in PAMAM dendrimers 

in the presence of  graphene, due to the physical adsorption of  the dendrimers onto the 

graphene surface83-84.   

 

B. Spatial arrangement of the components 

 

To assess the spatial arrangement of the components in the composite systems, we have 

calculated  appropriate distribution functions, examining the relative positions between 

molecules of the same or different kind.  

Figure 4 displays the radial distribution functions (rdf) arising from the center of mass of 

the GO sheets. 

 

 

 

 

 

 

 

 

 

Figure 4: Radial distribution functions arising from the centers of mass of the GO flakes 

in the GOPAMAM2 (G2), the GOPAMAM3 (G3) and the GOPAMAM4(G4) models. 

The curves corresponding to 325K and 350K have been shifted in the y-axis by a value of 

5 for clarity. 
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In all models and at all temperatures, the spectra are characterized by a multitude of sharp 

peaks and are reminiscent of those in semicrystalline materials85. Apparently, there are no 

significant differences between spectra of different temperatures at constant dendrimer 

generation. However, distinct features can be observed when comparing models at 

constant temperature but different dendrimer generation. Of particular interest are the 

spectral features (location, intensity, width) of the first peak, which corresponds to the 

closest neighbors. The location of the first maximum in the GOPAMAM2 model is close 

to 13 Å, for the GOPAMAM3 it is close to 16 Å and for the GOPAMAM4 it is close to 9 

Å. These values are not far from interlayer GO distances close to 12 Å, observed 

experimentally86-88 and computationally89 in aqueous GO solutions under full hydration 

conditions, implying that multiple water layers have been interdigitated between the GO 

sheets90. The GO flakes in the presently examined systems, can be considered to be fully 

hydrated89. Therefore, the variation in the separation distance between the GO flakes 

denoted by the first peak in the respective rdf, should be attributed to the presence of 

dendrimers of different generation and the distinct characteristics of their spatial 

arrangement in the composites. It is also worth noting that both, the width and the 

intensity of the first-neighbor peak vary with generation. It is shown that as the size of the 

dendrimer grows, the width of the first maximum decreases while its intensity  increases. 

Both of these features indicate that the localization of the GO within the composite 

becomes better as the dendrimer increases in generation, implying more stable structures.  

To elaborate more on the characteristics of the dispersion of the PAMAM dendrimers and 

the GO in the membranes, it is also informative to examine the relative arrangement of 

one with respect to the other. Figure 5 portrays the density profiles of the GO nanosheets 

at T=325K, computed by considering spherical shells  extending between r and r+dr (i.e., 

with width dr), where r is measured from the center of mass of a dendrimer. 
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Figure 5: Radial distribution of the GO density at T=325K. The distance r is measured 

with respect to the center of mass of the dendritic molecules. The arrows denote the 

values of the radii of gyration of the different dendrimers in the composite membranes. 

 

Visual inspection of fig. 5 shows that for the system with the lowest dendrimer 

generation, the GO density profile assumes values close to the long-distance limit even 

below the radius of gyration of the dendrimer. This indicates that GO atoms can be 

detected well within the dendritic structure. As the dendrimer generation grows, GO 

flakes become excluded from the dendritic interior while a broad maximum develops at 

distances close to the dendrimer periphery. This behavior is representative for all the 

temperatures examined (see figure S3 in the SI). The  higher concentration of GO close to 

the dendrimer’s surface as the generation grows, is consistent with the increase in the 

degree of localization of the GO sheets as  inferred from the rdf spectra in figure 4.   

Examination of  the density distributions of the other components with respect to the 

center of mass of a dendrimer (see figure S4 in the SI), shows that water and Cl- ions can 

penetrate well with the dendritic interior. Figure 6 portrays the temperature and 

generation dependence of the percentage of Chlorine ions and water molecules which 

penetrate within the dendrimer’s interior. 
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Figure 6: Percentage of Cl- ions and water molecules which penetrate within the 

dendritic molecules, in the GOPAMAM2 (G2), the GOPAMAM3 (G3) and the 

GOPAMAM4 (G4) models. The inset shows the same percentages in GO-free systems 

for PAMAM dendrimers of the 3rd (G3) and the 4th (G4) generation from ref. 67. 

 

It appears that the percentage of  the smaller moieties within the dendritic structure is 

insensitive in temperature in the examined range. However, it grows almost linearly with 

generation, despite that the dendritic volume increases much  faster with size.  This can 

be related to the well known backfolding effect observed in dendrimers81, 91, which is 

enhanced as the generation of a dendrimer grows.  It may also be related with the 

shrinkage of their volume (for the higher generations) compared to  GO-free systems, as 

discussed in section 3A. A similar calculation for the percentage of the penetrating water 

molecules and the Cl- ions in GO-free systems (at T=300K) based on data from ref. 67 in 

dilute solution conditions, results to water percentages close to 20% and 50% and to Cl- 

percentages close to 40% and 75%, for the G3 and the G4 dendrimers, respectively. 

These differences emphasize the role of the constricted environment experienced by the 

dendrimers in the composite systems. 

A complementary picture for the relative arrangement of the different components, can be 

obtained by calculating density profiles in a direction normal to the GO plane. The so-

constructed density profiles with respect to the location of the GO plane, is shown in 



12 

 

figure 7, for the dendritic molecules. At distances close to GO, a sharp peak characterizes 

the curves of all systems and at all temperatures. The presence of this peak denotes a 

preferential accumulation of atoms belonging to dendrimers close to the GO surface, 

indicating a physical association between the two moieties. An additional common 

feature in the density profiles, is that the intensity of the first peak appears to be 

augmented as temperature increases.  This behavior implies that a temperature-dependent 

mechanism related to the dendrimer/GO association, is at work. Moreover, a distinct 

feature between the density profiles characterizing the systems with different dendrimer 

generations, is the broad peak present at the GOPAMAM4 system. Its origin can be 

inferred, if one takes into account that it is centered at a distance close to the respective  

radius of gyration of the dendrimer. By combining this information with that emerging  

from figure 5, it appears that this broad peak can be ascribed to the relatively compact 

structure of the G4 dendrimers, immediately neighboring  a GO flake. Figure S5 in the SI 

shows analogous profiles of all the constituents of the composite systems. It is shown that 

a higher concentration of water molecules and counterions is also present close to the GO 

plane, but with no marked dependence on the dendrimer generation and temperature. A 

higher concentration of counterions near the GO surface, could be driven by the presence 

of the dendrimers’ protonated amines in the same vicinity. The increased concentration  

of water near the dendrimer/GO interface, is consistent with previous studies relevant to 

graphene/PAMAM dendrimer interactions84, where it was found to play a significant role 

in the effective interaction between the two  moieties.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Density profiles of the dendrimer molecules in a direction normal to the GO 

plane, for the GOPAMAM2 (G2), the GOPAMAM3 (G3) and the GOPAMAM4 (G4) 

models. Distance 0 denotes the position of the GO plane. Positive and negative 

coordinates correspond to placements of the dendrimer from the one and the other side of 

the GO plane, respectively. 
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C. Charge Distributions 

 

Electrostatic interactions between the PAMAM dendrimers and GO, are among the main 

driving forces for the self-assembly and the stabilization of the formed structures14. To 

obtain information regarding  the effective surface charge of the dendrimers and the GO 

molecules, we have monitored how the charge is distributed within the molecular 

structure and close to the molecular boundaries. Figure 8 illustrates the charge 

distribution within and close to the exterior of the PAMAM molecules. For the 

construction of the curves, charges from all the molecular species and the Chlorine 

counterions  were taken into account.  Visual inspection of figure 8 shows that charge 

distributions are insensitive to temperature in all models. In all systems a peak of positive 

charge is observed, at a distance from the center of mass, moderately larger compared to 

the corresponding radius of gyration. In the lower generation system, the effective charge 

fluctuates around 0 close to the dendrimer’s boundary but also at longer distances. As the 

generation grows, a negative effective charge develops close to the dendrimer’s 

periphery, which persists at longer distances from the center of mass.  Table 3 displays 

the degree of neutralization of the initial charge of the dendrimer, from negative charges 

originating from the neighboring molecules and the Cl- ions (the effective dendrimer 

charge was calculated by integrating the distributions up to a dendrimer’s boundary). 

0 5 10 15 20 25 30 35 40 45
-8

-6

-4

-2

0

2

4

6

8

0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45 50

G2

C
h

ar
g

e 
(|

e- | )

 300K

 325K

 350K

G3

Distance from the center of mass of the dendrimer (Å)

 300K

 325K

 350K

 

G4
 300K

 325K

 350K

 

Figure 8: Radial overall-charge distributions (in units of the electron charge) with respect 

to the center of mass of the dendrimer molecules, for the GOPAMAM2 (G2), the 

GOPAMAM3 (G3) and the GOPAMAM4 (G4) models at all the temperatures examined. 

Dash-dot lines denote the location of the average radius of gyration for each dendrimer 

generation and dashed lines the boundary of the dendritic surface, as estimated through 

the corresponding density distributions (see fig S4 in the SI). 
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Table 3. Degree of dendrimer charge neutralization in the examined systems.  

 

System Initial charge per dendrimer 
Degree of neutralization 

300K 325K 350K 

GOPAMAM2  +16 3% 4% 4% 

GOPAMAM3 +32 14% 15% 14% 

GOPAMAM4 +64 17% 17% 18% 

 

 

The degree of neutralization is practically independent of temperature but appears to 

increase with generation.  Τhe origin for this behavior can be clarified if the contributions 

from the different components are examined separately (see figure S6 in SI). 

Quantification of the relative contributions of the negatively charged moieties to the 

degree of neutralization of the dendrimer charge, shows (see figure S7 in SI) that the 

contribution from the GO sheets increases as the dendrimer generation grows. This might 

be related to the fact that as the generation of a dendrimer increases, so does its surface 

and thus the number of GO sheets interacting with the dendrimer.  

An analogous picture to that of figure 8 but from a reference frame centered on the GO 

flake, is shown in figure 9 at T=325K.  The behavior at the other temperatures examined 

is similar (see fig. S8 in SI). 
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Figure 9: Charge distributions along a direction normal to the GO plane arising from the 

charged moieties at T=325K, for the GOPAMAM2 (G2), GOPAMAM3 (G3) and the 

GOPAMAM4 (G4) systems. The curve corresponding to the effective charge is the sum of 

the former distributions. The 0 value denotes the position of the GO sheet. The vertical 

dashed lines delimit the boundaries of a GO sheet, as follows from the location of the sharp 

peaks appearing in the corresponding density profiles in figure 7.   

 
In all systems, the effective charge of the GO sheet variates in a characteristic manner. A 

positive peak at 0 distance, followed by a sharp negative peak  at a distance close to 2.5Å 

and  a  positive maximum close to 5Å, on both sides of the GO flake. The positive peak at 



15 

 

distance 0 arises from the partial charges of the carbon atoms of GO, while the negative 

peak, originates mainly from charges of the carboxyl oxygens and the Chlorine 

counterions. The positive maxima in the effective charge, emanate from the adsorbed 

dendrimer molecules. According to this picture, GO sheets appear to develop a polar 

character which might prove beneficial as far as it concerns the electrical responsiveness 

of the composite membranes.  It is also noteworthy, that the width of the charged layer 

ambilateral to the GO plane does not depend on the dendrimer generation; it rather relates 

to the nature of the interfacial interactions between the two moieties. 

 

D. Hydrogen Bonding 

 

Among the interfacial interactions in PAMAM/graphene oxide systems or in PAMAM 

composites with other carbon-based fillers, hydrogen bonding  has been found to play a 

crucial role, which may affect drastically the dispersion characteristics and other physical 

properties  of these materials14, 58. To detect the formation of hydrogen bonds between 

PAMAM dendrimers and GO sheets, we employed geometric criteria associated with the 

hydrogen–acceptor separation and with the angle formed by the donor–hydrogen–

acceptor triplet. To this end, we examined appropriate hydrogen-acceptor pair 

distribution functions for those pairs forming  donor–hydrogen–acceptor angles higher 

than 120 degrees92. A hydrogen bond was identified  when the  separation between such 

hydrogen-acceptor pairs, was smaller than the distance corresponding to the first 

minimum of the aforementioned distribution functions (see fig. S9 in the SI for examples 

of such pair distribution functions). The pairs we have examined, involved the hydrogens 

belonging to the protonated dendrimer amines and the three different kinds of oxygen 

atoms of the GO (i.e., oxygens belonging to the carboxyl , hydroxyl and epoxide groups). 

In all pairs examined, hydrogen bond formation was detected. However, the most 

abundant  were  those involving the oxygens of the negatively charged carboxyl groups 

of GO.  Figure 10 illustrates the number of hydrogen bonds formed between the 

aforementioned dendrimer hydrogens and the carboxyl GO oxygens. Analogous 

histograms involving the other kinds of oxygen atoms of GO, are shown in figure S10 in 

the SI.    
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Figure 10: Average number of hydrogen bonds per saved timeframe, formed between the 

hydrogens of the protonated amine groups of the dendrimers and the carboxyl oxygens of 

GO, for the GOPAMAM2 (G2), GOPAMAM3 (G3) and the GOPAMAM4 (G4) models. 

 

In all systems, the average number of hydrogen bonds at all temperatures (see also figure 

S10 in the SI), remains practically unaffected by the dendrimer generation. It does 

exhibit, however, a small increase with temperature. This observation is consistent with 

the behaviour described in figure 7, where the intensity of the dendrimer “adsorption” 

peak appeared also to increase with temperature. Therefore, a possible mechanism 

responsible for the latter effect, is that the increase in temperature provides the energy 

necessary for the local rearrangement of atoms close to the GO surface to take place, in a 

manner which favours more appropriate reorientations of the bonds involved in  

hydrogen bond formation. 

An additional measure for the effectiveness of hydrogen bonding in enhancing the 

physical adsorption of the PAMAM molecules onto the GO surface, is their lifetime. 

Since hydrogen bond formation is a dynamic process67, 93, the higher the longevity of the 

hydrogen bonds between the dendrimers and GO, the higher the affinity between the two 

components. To quantify this measure, appropriate hydrogen bond correlation functions94 

were calculated according to eq. 1: 

                                                         ( )
( ) ( )

2

0g t g
h t

g
=                                            (1) 

Here, g(t) equals to 1 if the examined pair of atoms forms a hydrogen bond at time t, 

provided that these atoms were also hydrogen bonded at time t=0, and 0 otherwise. The 

averaging, as denoted by the angle brackets, was performed over all the examined pairs 
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and time origins. All the formation/breaking events between the time origin and time t are 

not taken into account. In this manner, h(t) essentially probes long time dynamics which 

is related to the probability of an initially hydrogen-bonded pair of atoms to remain at 

close enough distance and with the involved donor-hydrogen and hydrogen-acceptor 

bonds in appropriate orientations for hydrogen bonding, after time t.   

Figure 11 shows h(t) correlation functions for the same pairs as those discussed in figure 

10.    

 

 

 

 

 

 

 

 

Figure 11: Hydrogen bonding correlation functions in log-log representation, between 

the hydrogens of the protonated amine groups of the dendrimers and the oxygens of the 

charged carboxyl groups of the GO sheets. G2:GOPAMAM2, G3:GOPAMAM3, 

G4:GOPAMAM4. 

 

Visual inspection of the h(t) functions, shows that the systems with different dendrimer 

generations share common features. In all systems the correlation spectra appear to be 

described by 3 processes (note the two changes in slope near 0.1ps and between 10 and 

100ps). The faster process can be assigned to the breaking/recombination of the hydrogen 

bonds, which arises from the rapid motion of hydrogen-bonded atoms around their 

equilibrium positions (i.e. involving a very short length scale), resulting in a transient 

violation or fulfillment of the geometric hydrogen-bonding criteria. The second process 

may arise from the wrinkling motion of GO45, 95 which involves a characteristic timescale 

of the order of 10ps45,  that could also disrupt hydrogen bonds. The third and much 

slower process can be related to the main adsorption/desorption process between the 

dendritic polymers and GO46, 48,  involving a motion of larger in size parts of the 

dendrimer, such as the branch to which the hydrogen-bonded amine group is attached. 

The third, long-timescale mechanism is anticipated to play an important part to the 

tendency for association between the two components, and thus to important physical 

properties of such composites37, 96-97.  
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Focusing on the temperature dependence of the h(t) spectra at constant dendrimer 

generation, it is clear that the main temperature effect emanates from the behavior of the 

slower process. At constant temperature, the dendrimer generation does not appear to 

affect the examined hydrogen-bonding dynamics (see figure S11 in the SI). To obtain 

information regarding the timescale associated with the probed h-bonding dynamics, we 

estimated the time it takes for the correlation function of eq. 1 to drop to 1/e, τ1/e. The so-

calculated characteristic times, are plotted as a function of temperature in figure 12. 
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Figure 12: Activation plot of the  τ1/e times extracted from the correlation function shown 

in figure 11. 

 

The disparities in characteristic times between systems with different dendrimer 

generations are rather small, as would be expected for processes involving short length 

scales which are insensitive to the overall polymer size. A simple linear fit to the data in 

figure 12, provides a first estimation regarding the activation energy related to the probed 

process. Taking into account the 3 different sets of points (see figure S12 in SI), the 

estimated activation energy varies between 3.1 and 4.1 kcal/mol, which lie within the 

range of values characterizing   hydrogen bonds of typical strength98-99. 

 

 

 

4. Conclusions 
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In this work we have examined for the first time, through all-atom molecular dynamics 

simulations, hydrated PAMAM dendrimer/graphene oxide composite membranes. We 

aimed at exploring the effects of dendrimer generation and temperature on structural 

features of the dispersions, as well as on aspects related to the associative behaviour 

between the two main components. The systems were simulated under neutral pH and 

full hydration conditions for the GO flakes.   

Compared to previous studies of PAMAM dendrimers in an GO-free aqueous 

environment, a moderate decrease in their size (particularly for the largest generation 

molecules) was observed;  the degree of deformation in their shape was found to increase 

in the presence of GO, while it was not affected significantly by temperature in the 

composite systems, within the examined range. The spatial arrangement of the GO flakes 

was reminiscent of a semicrystalline solid, with the average separation between flakes 

depending on the dendrimer generation in an non-monotonical manner. The structural 

persistence of the GO dispersion in the membranes was found to increase with the 

dendrimer generation. This effect was attributed to the increasing compactness of the 

dendrimers upon an increase of generation. Based on this observation, it is expected that 

the structural persistence of such systems could be increased further, if higher generation 

dendrimers were employed.  

Both of the main components of the composites (i.e., the PAMAM molecules and the GO 

flakes) were found to assume a polar character. For the dendrimer molecules, an effective 

negative charge close to their periphery was developed as the generation increased, while  

for the GO flakes a characteristic charge variation pattern was observed near their 

surface. Both of these features resulted (or triggered) mainly by their physical 

association, which brought in close proximity oppositely charged groups of the two 

moieties. The degree of dendrimer adsorption onto the GO surface increased moderately 

with temperature for all dendrimer generations. This was found to be related with an 

analogous increase in the degree of dendrimer/GO hydrogen bonding with temperature.  

Hydrogen bonding between the two components was driven mainly by the formation of 

hydrogen bonds involving hydrogens (from the dendrimers)  and oxygens (from the GO) 

belonging in the charged amine and carboxyl groups, respectively. This form of 

association between the two components, was found to be an activated process with a 

characteristic activation energy between 3 and 4 kcal/mol. Examination of the hydrogen 

bonding dynamics, showed that this interaction is relatively long-lived.   
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Previous work regarding the PAMAM/graphene association84, showed that this was 

mainly driven by van der Waals (VDW) interactions and demonstrated the role of the 

dendrimer hydration near the graphene/dendrimer interface in this process. In the case of 

GO, where its increased nanorougness45 (compared to pristine graphene) may work 

towards a decrease in the number of close  atomic contacts at the interface (i.e., reducing 

the VDW interactions), hydrogen-bonding along  with electrostatic forces55 can  act as 

strong associative factors which may assist the dispersion of GO and  play a crucial role 

in an attempt to control key physical properties (mechanical, thermal, electrical) of such 

materials.        

 

 

Supporting Information: Initial structures of the GOPAMAM2 (G2), 

GOPAMAM3(G3) and  GOPAMAM4(G4) models, density distributions of the 

dendrimer molecules as a function of the distance from the center of mass of the dendritic 

structure, for the GOPAMAM2 (G2), the GOPAMAM3 (G3) and the GOPAMAM4 (G4) 

models, Density profiles of GO with respect to the center of mass of the dendritic 

molecules  for the GOPAMAM2 (G2), the GOPAMAM3 (G3) and the GOPAMAM4 

(G4) models, at all the examined temperatures, density profiles of all the components 

with respect to the center of mass of the dendritic molecules  for the GOPAMAM2 (G2), 

the GOPAMAM3 (G3) and the GOPAMAM4 (G4) models at T=325K, density profiles 

of the different constituents of the composites, in a direction normal the GO plane, radial 

charge distributions arising from the different moieties, with respect to the center of mass 

of a dendrimer at T=325K, charge per GO sheet contributing to the neutralization of a 

dendrimer’s positive charge, relative contribution of the negative charges arising  from 

the GO flakes and the Cl- counterions to the neutralization of the charge of the PAMAM 

molecules at T=325K, charge distributions along a direction normal to the GO plane 

arising from the charged moieties, pair distribution functions of hydrogens belonging to 

the protonated primary amines of the dendrimers and oxygens belonging to the negatively 

charged hydroxyl groups of the GO, average number of hydrogen bonds per saved 

timeframe, formed between the hydrogens of the protonated amine groups of the 

dendrimers, hydrogen bonding correlations functions (eq. 1 in the main text) in log-log 

representation, between the hydrogens of the protonated amine groups of the dendrimers 

and the carboxyl oxygens of GO, linear fits through the data points referring to the 

systems with the 3 different dendrimer generations. 
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