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ABSTRACT: Hyperbranched poly(ethylene imine) (PEI) with its high amino content is a
versatile functional polymer that is widely used as a gene delivery vector in biological
applications and as a ligand and precursor for ion exchange resins and membranes in water
purification and metal recovery. We report here the first fully atomistic model of a 25 kDa
hyperbranched PEI macromolecule. We utilized this model to carry out molecular dynamics
(MD) simulations with explicit water molecules and chloride ions to study pH-dependent
conformational changes. We find that growing the PEI macromolecule sequentially from the
monomers yields atomistic structures whose sizes (radius of gyration) are in good agreement
with the small angle neutron scattering experiments. Our analysis of the structural properties
from MD simulations shows that conformations of the hyperbranched PEI exhibit oblate
ellipsoidal elongation at low pH compared to high or neutral pH but with no significant changes in the corresponding sizes. This
fully atomistic model of a 25 kDa hyperbranched PEI macromolecule in water provides much needed detailed atomistic
information for advancing our fundamental understanding of the structures and host−guest properties of PEI-based functional
reagents and materials for biomedical and sustainability related applications.

1. INTRODUCTION

Hyperbranched polymers have emerged over the past decade as
promising materials for a wide range of novel nanomaterials
applications.1−3 With their versatile functionality combined
with suitable nm-sized dimensions and cost-effective synthesis
procedures, hyperbranched polymers have received much
attention as alternatives to dendrimers. Poly(ethylene imine)
(PEI), which can be synthesized as a hyperbranched or linear
polymer, is a well-known commercial macromolecule that has
been used extensively in a variety of applications.4,5 Due to its
high content of amino groups, hyperbranched PEI has been
applied recently as a gene delivery vector6−8 and as a precursor
for the preparation of high capacity anion exchange resins and
ion selective membranes.9−13 Generally, the conformations of a
hyperbranched polymer play an important role in the
applications. For example, protonated PEI become highly
cationic in acidic conditions, forming PEI/DNA complexes
with nucleic acids suitable for utilization as gene delivery system
in physiological conditions.5,14−17 In addition, changing the pH
can alter the conformation and hence the flux and
permselectivity of membranes with PEI-based separation
layers.18,19 This shape change offers the opportunity for the
formation of more open and porous separation layers in PEI-
based ion selective membranes. In both cases, the conforma-

tional responsive to pH provides insights into the atomistic
structure and properties important in the applications. Thus,
understanding the polymer equilibrium structure and the
solvation structure are essential. Indeed, Liu et al.20 recently
carried out atomistic MD simulations on a generation 4 (G4-
NH2) polyamidoamine (PAMAM) dendrimer as a function of
pH and showed that the conformation changes dramatically
with the degree of protonation from a dense-core at high pH to
a dense-shell structure at low pH upon. Such changes can have
profound effects on the host−guest properties of branched
macromolecules including drug delivery mechanisms.
Despite the great potential and widespread usage of

hyperbranched polymers as functional materials, their poly-
dispersity4 has hindered detailed experimental studies so that
little is known of the atomistic structure and conformations of
hyperbranched polymers.7,21 Compared to dendrimers, hyper-
branched polymers are generally easy to synthesize in one-step
on a large scale, however, this “one-step” procedure usually
leads to uncontrolled statistical growth in molecular weight
(MW) and degree of branching.22,23 After the first report on
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hyperbranched polymers by Aerts,24 a number of synthesis
models and relationships between the topology and static
properties were investigated25−30 with the help of computer
simulations. These theoretical studies have led to two
conventional models for hyperbranched polymer growth:
• The “quick growth” model which leads to cluster−cluster

aggregation and formation of a larger polymer network and
• The “slow growth” model which mimics a sequential

growth process of a ring-opening polymerization of aziridine,
the functional reagent that is utilized in the industrial scale
synthesis of hyperbranched PEI.
It is known that the two models lead to quite different

topologies with different local structures at a coarse-grained
level.31 This diversity in the topological domain makes the
atomistic modeling of a hyperbranched polymers more
complicated than that of a dendrimer, which has a well-defined
molecular architecture at a given composition. Indeed, very few
computational studies have been performed on hyperbranched
PEI macromolecules despite their widespread utilization as
functional materials in biomedical and sustainability related
applications. Ziebarth and Wang studied titration curves of a
20-mer linear PEI using all-atom Monte Carlo simulations.32

Choudhury and Roy performed a conformational analysis and
solvation dynamics of a 20-mer and 50-mer PEI chains.16 They
observed the conformational changes, local structuring, and
dynamical changes in solvation shells of linear PEIs as pH was
varied. Sun et al. carried out molecular dynamics simulations of
PEI/DNA complexes with explicit water and counterions to
probe the effect of protonation DNA binding to PEI.6 They
concluded that the protonation states are more influential than
the degree of branching of the polymer. However, only a few
cases with branching and with only a low-molecular weight
(LMW)-PEI were studied. Poghoshan et al. carried out MD
simulations of hyperbranched PEI inside inverse micelles
formed in heptanol.33 They reported a change in the size of
the polymer within the surfactant micelles though it is unclear
how they built and connected the starting 3-D atomistic model
of their hyperbranched PEI macromolecule.
To provide a detailed and consistent understanding of the

structures and properties of hyperbranched PEI, it is important
to build an atomistic model of the structure in the same way
that it would be branched experimentally. To date, there is no
precise understanding of the atomistic structure of hyper-
branched PEI in water. Indeed, almost all studies related to
hyperbranched polymers have been focused on modeling
random structures, with very few studies considering hyper-
branched polymers and changes in pH with explicit salt ions.
In this work, we perform molecular dynamics(MD)

simulations with fully atomistic hyperbranched PEI macro-
molecules to study how their conformation changes as a
function of pH. Methodologically, we find that, for hyper-
branched PEI, the sequential growth (SG) method yields a
proper power law, which is a more realistic atomistic structure
than from the quick growth (QG) method. We also examine
here how the structural properties of the hyperbranched PEIs
(radial density profiles, shapes, radial distribution functions,
radius of gyration, solvent accessible surface area, and
electrostatic potential surface) depend on the protonation
level for three different experimentally proposed pH regions.
The overall results of our atomistic MD simulations are
consistent with experiments21 and show that a 25 kDa
hyperbranched PEI macromolecule undergoes conformational
changes with elongation in one direction at low pH.

2. MODEL AND SIMULATIONS METHODS
We used Monte Carlo techniques to generate random hyperbranched
PEI model structures with a molar mass of 25 kDa and primary,
secondary, and tertiary amine molar contents of 25%, 50%, and 25%,
respectively, consistent with the experimental data34 and polymer
growth procedure. It is worth mentioning that commercially available
PEIs having a specified molecular weight are generally polydisperse.35

However, to simplify the number of parameters to be considered, we
considered here the monodisperse case.

Figure 1 highlights the methodology that we used to generate the
atomistic model of our hyperbranched PEI. First, we built a coarse-

grained model that contains the overall connection information
between monomers. The total number of monomers n in one
hyperbranched polymer is determined by dividing the molecular
weight of the target molecule by the molecular weight of monomer. In
this work, we chose the target as hyperbranched PEI with 25 kDa.
Since the molecular weight of ethylamine monomer is Mw = 45.08 g/
mol, we need n = 580 monomers per chain (with an average of two H
atoms removed per monomer during polymerization process). Among
the two growth methods,31 namely sequential growth (SG) and quick
growth (QG) methods, we applied the SG method to generate a
coarse-grained model of a random hyperbranched polymer by
sequentially attaching a node at a random position that represents a
monomer from a root node (Figure 2a). The degree of branching
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is a useful parameter for characterizing hyperbranched structures. Here
T, L, and D specify the number of terminal, linear, and dendritic units,
respectively.36 In order to obtain structures with the target degree of
branching (0.5), we applied an additional constraint to the attachment
probability parameter37 p = 0.2, which indicates the ratio of the
probability of introducing a new node to linear nodes (i.e., secondary
amine) to terminal nodes (i.e., primary amine). In both cases we
prohibit formation of cyclic rings. Once a model was generated, we
evaluated the Wiener index38 of the model to avoid a previously
generated repetitive structure. WI is defined as the cumulative distance
of all pairs of nodes within the coarse-grained model evaluated by the
following expression
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where dij is the number of bonds separating the nodes i and j of the
model, counted along the shortest path between them.26,38 WI is

Figure 1. Schematic diagram of the strategy for generating the
atomistic model of hyperbranched polymers.
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calculated using the Networkx39 package. At the end of this stage we
have the coarse-grained structures for hyperbranched PEI (Figure 2b).
Next, we generated an atomistic structure for a randomly

hyperbranched polymer based on the connectivity of nodes in the
coarse-grained structure. First, the structure of an ethylamine
monomer was prepared from Quantum Mechanics (QM) calculations
using the B3LYP flavor of Density Functional Theory (DFT) with the
6-311+g* basis set using Q-Chem.40 Partial charges were based on
Mulliken charges of atoms consisting of primary, secondary, and
tertiary amines. All monomers were sequentially appended one-by-one
starting from the root node of the coarse-grained structure. When
connecting two monomers, namely monomer A and B, a hydrogen
atom on the amine group in the monomer A and a hydrogen atom in a
methyl group in the monomer B are removed, and their partial charges
are added to the connected atom in each monomer. The partial charge
values we obtained from QM calculations and of our atomistic
structure differed by less than 0.1 e. The structures were minimized to
remove any artificial contacts at every attachment trial. After all
monomers were connected, we used the Cohesive Energy Density
(CED) annealing technique41 to relax any strains in the molecular
structure to achieve an equilibrated structure in gas phase.
Finally, we performed all-atom MD simulations of the atomistic

hyperbranched PEI structures solvated in explicit water using
LAMMPS.42 Based on the experimental acid−base titration data,21

we simulated ten model systems at three protonation levels:
• unprotonated case representing basic pH conditions (∼ pH 10),
• all primary amines protonated representing neutral pH

conditions (∼ pH 7.8),
• and all primary and half of secondary amines protonated

representing low pH conditions (∼ pH 5.9).
The MD simulations were performed using the DREIDING III

force field, which was used in previous PAMAM dendrimer

simulations.20 We used the F3C water model43 to solvate hyper-
branched PEI for all systems. Cl− ions were added as counterions to
neutralize the protonated systems. A 10 Å cutoff was used for van der
Waals and real space electrostatics, with the van der Waals energies
and forces tapered smoothly to zero from 9 Å using the seventh order
taper function. 3D-Periodic boundary conditions were used, and the
long-range electrostatics were evaluated using the PPPM44 with a
convergence tolerance of 10−4 kcal/mol.

The systems were simulated for 10 ns at 300 K with 1 fs time step
and 1 atm pressure based on the isotropic NPT ensemble using the
Nose-Hoover thermostat and barostat45 with damping constants of 0.1
and 2.0 ps, respectively. The energy and temperature of the simulation
box reached constant values during this process. The trajectories were
recorded every 1 ps during 10 ns of the production run for analysis. In
total, we performed 30 fully atomistic simulations.

3. RESULTS AND DISCUSSION
3.1. Growth Method. To find a suitable growth method for

hyperbranched PEI, we generated a coarse-grained model using
two methods, SG and QG. We also considered the perfect
dendrimer structure for comparison. Figure S1 shows the
relationship between DB and WI from SG and QG for various
numbers of monomers. Without imposing the attachment
probability parameter (meaning equal probability with p = 0),
hyperbranched polymers built with the SG model have DB =
0.6 to 0.8, whereas polymers built with QG lead to DB ∼ 0.5,
indicating these methods induce different classes of hyper-
branched structures. We observed that the DB value changes if
the probability changes, and the DB converges to a specific
value as the number of monomers N increases (Figure S2),

Figure 2. (a) Coarse-grained representation of a hyperbranched polymer with 28 monomers. The blue, green, and orange beads represent terminal,
linear, and dendritic groups, respectively, and the red bead represents the root node. (b) Atomic structure of hyperbranched PEI built from a coarse-
grained model in (a); the same color scheme is used.

Figure 3. Power law behavior radius of gyration versus monomer number. (a) Coarse-grained model and (b) atomistic structure of hyperbranched
PEI generated from the latter coarse-grained model which is equilibrated using gas-phase MD simulations.
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similar to the formula suggested by Schmidt and co-workers.37

However, the behavior of the DB values does not agree with
the formula for small N values. Figure S3 displays the behavior
of the smallest eigenvalue λmin of the connectivity matrix for the
random structures created with the SG and QG models. In the
double logarithmic representation, straight lines indicate that
two methods generate polymer structures obeying power
laws.29,30 Using linear regression, we obtained the slopes for
each growth method: −1.447 for the QG method, −1.104 for
the SG method, and −1.037 for the dendrimer (fully
branched). These values are in very close agreement with the
values, −1.505 for the QG model, −1.031 for the SG model,
and −1.027 for the dendrimer, reported by Jurjiu and co-
workers.31 Similar power values for the structures from the SG
method and fully branched dendrimers indicate that structures
from the SG method possess similar local branching properties
to those of dendrimers.
Having obtained coarse-grained structures from two different

growth methods, we generated atomistic structures of hyper-
branched PEI and performed MD simulations to obtain the
radius of gyration, Rg, for each atomistic hyperbranched PEI,
defined by

∑= −R
M

m r r
1

( )
i

i ig
2

cm
2

where mi is the mass of atom i, ri is the position of atom i, and
rcm is the center of mass of hyperbranched polymers. Figure 3
uses a double-logarithmic scale to show the average Rg of
hyperbranched PEI over the more than 100 samples generated
by SG and QG methods. Surprisingly, the random hyper-
branched structures obtained with both the SG and QG models
lead to a straight line for the averaged Rg. Thus, they both obey

a power law Rg
2 ∼ Nα. Moreover, SG showed a slightly better fit

in the Rg value of the atomistic model. This supports the
conclusion that for hyperbranched PEI, the SG method
provides slightly more realistic atomistic structures than the
QG method.

3.2. Radial Density Profiles and Conformations. Figure
S4 shows the effect of pH on the average radial density for
hyperbranched PEI. This parameter is measured from the
center-of-mass of each sample and ensemble-averaged over 10
ns snapshots taken every 1 ps (total 10,000 snapshots).
Although all samples possess a similar degree of branching, the
monomers are randomly branched leading to different
configurations. Radial density profiles of hyperbranched
polymers are highly irregular unlike the case of den-
drimers20,46,47 or linear polymers;16 therefore, there is the
possibility of obtaining misleading results if the radial density
values are simply averaged over all trajectories and samples.
Nevertheless, some common features can be found from
individual radial density profiles:
(1) slight increase of density for polymers is observed in the

outer region (r > 15 Å) for neutral and low pH conditions
indicating a dense-shell structure;
(2) sharp decrease of density is observed in the inner region

(5 Å < r < 10 Å) indicating an enhanced internal shell structure
at neutral pH condition;
(3) the density of water decreased for neutral and low pH

conditions.
Again, it is worth mentioning that the radial density profile

alone is not a robust metric to describe conformational changes
of hyperbranched PEI.
To provide a better view on pH-responsive conformational

changes, we investigated the shape of hyperbranched PEI in
various pH conditions via calculating the gyration tensor I

Table 1. Radius of Gyration, Asphericity δ, and the Aspect Ratio Iz/Ix,Iy/Ix, and Iz/Iy of Model Hyperbranched PEIs at Different
pH Levelsb

experimental results21 this work

pH size (Å) ellipticity ⟨Rg⟩ (Å) ⟨δ⟩ ⟨Iz/Ix⟩ ⟨Iy/Ix⟩ ⟨Iz/Iy⟩

high pH a a 24 ± 1 0.037 ± 0.019 1.47 ± 0.17 1.27 ± 0.15 1.16 ± 0.06
neutral pH 22 ± 3 2 23 ± 1 0.030 ± 0.018 1.40 ± 0.16 1.23 ± 0.12 1.15 ± 0.07
low pH 20 ± 3 3 23 ± 2 0.068 ± 0.078 1.77 ± 0.82 1.60 ± 0.77 1.12 ± 0.06

aNot shown for clarity. bExperimental values are from Griffiths et al.21

Figure 4. Snapshots of hyperbranched PEI under different pH conditions: (a) at high pH (∼10), (b) at neutral pH (∼7.8), and (c) at low pH
(∼5.9). The blue, green, and orange represent nitrogen atoms of primary, secondary, and tertiary amines, respectively. Protonated primary and
secondary amines are colored as red. Values are averaged over 10 samples. Surface represents the solvent accessible surface with a probe radius 1.4 Å.
Water molecules and counterions are not shown for clarity. The figures were generated using VMD.49
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which takes values between 0 (spherical) and 1 (rodlike). Table
1 shows that the asphericity values vary from 0.037 to 0.068 as
pH decreases, meaning that
• at high pH hyperbranched PEIs have spherelike

conformations whereas
• at low pH the morphology is ellipsoidal or qualitatively

elongated.
Although all values of δ are less than 0.10 and the difference

between two states are subtle, there is a remarkable deviation in
the aspect ratio. The aspect ratio of the three principal
moments of inertia, Iz/Ix, Iy/Ix, and Iz/Iy(Ix ≤ Iy ≤ Iz),
represents relative shape, where spherical structures are closer
to 1.0, while ellipsoid structures deviate from 1.0. Table 1
indicates that the aspect ratio Iz/Ix and Iy/Ix increases at low
pH, meaning that it oblates along the third principal moments
of inertia. This tendency to elongate is consistent with the
result of SANS experiments,21 which show that the ellipticity
increases as pH decreases. Figure 4 presents representative
snapshots from our MD simulations at high and low pH levels.
Similar behavior is found experimentally in the pH-responsive
conformation studies with linear PEI;16 the protonation of PEI
induces elongation of the polymer structure. Also, this change is
consistent with the behavior of PAMAM dendrimers, which
have a “dense-shell” structure with dense structure at the
polymer periphery.20

3.3. Radial Distribution Functions and Coordination
Numbers. The radial distribution function (RDF) gives the
probability of finding an atom at a distance r from another
atom, and the integral of the RDF up to the first minima
calculates the first solvation shell coordination number. We
analyzed the coordination numbers for water and counterions
around each amine using the last 1 ns of the MD production
run trajectory.
Radial distributions between the N atoms of the hyper-

branched PEI and the oxygen (O) atoms of water molecules for
various protonation states are depicted in Figure S5, and the
coordination numbers are shown in Figure 5. Clear sharp peaks
in Figure S5a show that the amine groups in hyperbranched
PEI are hydrophilic under basic conditions. Since primary

amines are protonated in neutral pH conditions, Cl− ions bind
to the N atom of two protonated primary amines (∼2.32 Cl−

ions in the first solvation shell for protonated primary amines)
so that the number of water molecules around each protonated
primary amine decreases to 1.96. At low pH, there exist 2.41
Cl− ions near each protonated primary amine and 1.94 near
protonated secondary amines, indicating strong binding
between hyperbranched PEI and Cl− ions. This ultimately
leads to denser structures that maximize the electrostatic
interactions in acidic conditions.

3.4. Radius of Gyration. The conformational changes of
charged PEI in solution can be investigated through the radius
of gyration. Rg is calculated as an ensemble average over the 10
ns production runs and over sample molecules. Table 1 and
Figure 4 show that there exist conformational changes along
pH variations. In general, the Rg values calculated here at
various pH conditions are in good agreement with the result
from the SANS21 experiments (Table 1), which are reported as
∼25 Å. At high pH, all primary amines are freely pointing
outward, thus the Rg value of primary amines is 23.7 Å, ∼14%
higher than that of overall amine groups (Figure S6). At neutral
pH, the average Rg decreases with back-folding of the terminal
groups, due to the increased electrostatic binding between PEI
and Cl− ions. However, at low pH, the Rg value for primary and
secondary amines increases slightly, whereas that of tertiary
amines remains the same, perhaps due to a binding of
protonated amines with counter-anions in the outer shell
region. Considering the SANS measurements were performed
in nondilute conditions and the fitting model is different, one
cannot compare the experimental result directly to our
simulation results due to the possibility of aggregation between
PEI polymers in high-pH conditions. Nevertheless, the overall
trend on the elongation without much change in size shown in
this simulation is consistent with the experimental observations.
It is worth noticing that the inclusion of additional Na+ ions,
which mimics the experimental conditions, would decrease the
amount of Cl− ions associated with the PEI due to the
competition with the PEI. This may lead to less dense
structures with larger Rg values, as shown in the DNA 3-way
junction simulations.50

3.5. Solvent Accessible Surface Area. Surface area is an
important property for many applications of dendrimers and
hyperbranched polymers, since most of the chemistry (binding
and separations) occurs at the polymer surface. We calculated
solvent-accessible surface area (SASA) using VMD.49 The
calculated results of SASA at various pH conditions with a
probe radius 1.4 Å are tabulated in Table S1, and SASA1/2 as
functions of a probe radius r is plotted in Figure 6. We see that

Figure 5. Coordination numbers at different pH levels of (a) water and (b) Cl− ions around the amine N atoms.
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the solvent accessible surface area decreases drastically by
15.0% from high to low pH, assuming a probe radius of 1.4,
consistent with the size of a water molecule. Figure 6 shows
that the value of SASA1/2 is proportional to the probe radius of
r > 6 Å, indicating that only the exterior surface of the polymer
is sampled and that molecules with a radius > 6 Å may not fit
inside the polymer. At neutral pH the value of SASA1/2 in the
range of 2 Å < r < 3 Å is smaller than that of low pH,
underscoring the increase in 23 Å cavities at low pH and
indicating a transition from a dense-core to a dense-shell
conformation. Additionally, the significant decrease of SASA in
the low pH conformations for r < 4 Å indicates the decrease
probability of water molecules accessing the hyperbranched
polymers at low pH conditions in the densely packed regions.

4. CONCLUSIONS
We carried out all-atom molecular dynamics simulations on
randomly hyperbranched PEI molecules with a molecular
weight of 25 kDa and examined the pH-dependent conforma-
tional changes in aqueous solution. We employed a stepwise
sequential growth method to build a coarse-grained model for
monomer connectivity with specific degrees of the branching
ratio, and then we converted to an all-atom polyamine polymer
structure to obtain more realistic atomistic structures. From
evaluating the asphericity and aspect ratio, we conclude that the
conformations at low pH undergo oblate ellipsoidal elongation
compared to high or neutral pH, which is consistent with
results from small angle neutron scattering experiments. At low
pH, we observe such structural changes as a decrease in size due
to backfolding and a decrease in solvent accessible surface area
due to electrostatic repulsions between protonated amine
groups, which are both consistent with the behavior of
dendrimers having well-defined structures. A future effort
with the atomistic model will be the effect of competing salt
buffer, electrostatic potential surface, and the behavior of anion
binding of the hyperbranched PEI macromolecule. We expect
that these results from the first fully atomistic MD study of
hyperbranched PEI in solution will serve as a starting point for
obtaining a deeper understanding of hyperbranched PEI and
allow the current gap to be bridged between atomistic-level

structures and experimental phenomena such as in gene
delivery and membrane separations.
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