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ABSTRACT: In this paper, we present a mesoscopic model for melt of polyphenylene dendrimers. The coarse-
graining force field is built on the basis of the distribution functions derived from atomistic simulations, and thus
it takes into account the chemical details of the system. Owing to the reduced number of particles, simulations
of melts longer than 0.1µs for dendrimer generation up to the fourth have been carried out to investigate both
bulk and single molecule properties. In the bulk, it has been shown that these dendrimers do not acquire orientational
order. Single molecule geometrical analysis has been performed by computing the radius of gyration, hydrodynamic
radius, and small-angle neutron scattering profile. All the computed parameters compare favorably with experimental
data and with previous atomistic simulations. It is concluded, in agreement with previous atomistic studies, that
polyphenylene dendrimers present a substantially rigid structure that does not allowed for a remarkable back-
folding even in the melt phase. Interestingly, the switching between a collapsed and open global shape found in
previously isolated-molecule atomistic simulations occurs also in the melt phase.

1. Introduction

Dendrimers are a special class of branched polymers char-
acterized by a multifunctional core from which relatively short
chains (called branches or dendrons) emanate. Each branch end
is characterized by a specific functional group which, reacting
with another “monomer”, builds the new generation. The use
of several chemical groups to functionalize the chain ends and
the nearly full control over the synthetic process make this class
of macromolecules suitable for the design of novel nanostruc-
tured materials and for several possible applications.1 The
perfectly branched, monodisperse structure of dendrimers makes
them valuable model compounds for studying fundamental
electrochemical2 and photophysical processes,3 and, depending
on their chemical structure, they can be important building
blocks of supramolecular chemistry.4 Several applications have
been proposed for dendrimers, and in all cases the flexibility
of the dendrons plays a fundamental role. The understanding
of the molecular structure of dendrimers in solution or bulk
represents one of the most important prerequisites for their
controlled designed. Particular attention has to be devoted to
the end group distribution within the dendrimer molecule, the
intramolecular conformational changes and their time scale, the
intermolecular packing and the presence and accessibility of
intra- and inter dendrimer cavities.

A new class of dendritic systems, composed only of carbon
and hydrogen atoms, has been recently synthesized.5 Starting
from polyfunctional central building blocks, a generation-by-
generation buildup of structurally defined, highly branched
polyphenylene dendrimers (PDs) has become possible.6,7 Among
other uses, these dendrimers are employed as precursors in the
synthesis of well-defined polycyclic aromatic hydrocarbons
(PAHs), from which more complex supramolecular structures,
such as liquid crystals, can be obtained.8,9 Due to their semirigid
framework and very dense intramolecular packing, the mono-

disperse PDs are of interest with respect to the controlled design
of shape-invariant nanoparticles.10

Several theoretical approaches are used to describe dendrim-
ers, explaining at the molecular scale the macroscopically
observed properties,11 and most of them, not surprisingly, are
similar to those used in polymer physics. They include the
following: (i) analytical or continuum methods focused on
finding principles of universality, in some well-defined limit,
that permit the general description of the system regardless of
the microscopic details;12 (ii) computational methods on simpli-
fied systems that describe dendrimer systems with a specific
shape and topology but without chemical details;13 (iii) com-
putational methods at the atomistic level. Of the latter type
Brownian dynamics (BD),14 Monte Carlo (MC),15 and molecular
dynamics (MD)16 simulations are intensively used. The inclusion
of the chemical details in the simulation of dendrimer solutions
or melts costs in term of computer time because the system
size easily exceeds 20 000 atoms. Despite this, a considerable
number of atomistic MD simulations were carried out on
different dendrimers in dilute solutions, but only one on the
amorphous bulk state.17 A useful compromise for a computa-
tional study of dendrimers would be a coarse-grained model
which reduces the degrees of freedom of the system, while
taking into account the chemical identity. No attempt has yet
been made in this direction, to the best of our knowledge. In
view of the polymeric nature of dendrimers, a coarse-grained
model, as for polymers, is the natural choice. Recently, a method
to adjust coarse-grained force fields to a specific system on
various length scales has been developed. These mesoscale
models have been applied to a large variety polymers with very
good results.18 They reproduce very well the structural properties
of the melt; moreover, a suitable back-mapping procedure
permits to reintroduce the atomistic details into the model, in
order to obtain relaxed melts of high molecular weight
polymers.19-21 Using such a method, long time molecular
dynamics simulations on dilute solutions and amorphous bulks
of high-generation dendrimers should be feasible.
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Recently, molecular mechanics and molecular dynamics
calculations have been reported to study the nature of stable
conformers and the shape persistence of monodisperse PDs
based on different cores.22-24 In particular extended molecular
dynamics (MD) investigations studied the shape persistence of
isolated polyphenylene dendrimers of first (G1) and second (G2)
generation with a planar core formed by a 1,3,5-trisubstituted
benzene ring (Figure 1). These allowed us to make a general
classification of the conformations assumed by the three
dendrimer branches with respect to the planar core.24 These
studies found a direct correlation among the dendrimer core
conformations and the global shape of the dendrimers, and
proved that, depending on the temperature, the G2 dendrimers
oscillate between two global shape states:openandcollapsed.
The MD simulations show that at 80 K G1 and G2 dendrimers
conserve their initial shape for several nanoseconds, while, at
room temperature for the G2, a reversible oscillation among
two states occurs. The presence of this “switching” and a
structural characterization of higher generation of PDs in the
melt phase can be conveniently studied via coarse-grained
simulations.

In this paper, we develop a coarse-grained model for PDs in
the melt phase. The coarse-grained force field is built up starting
from atomistic simulations (employing the same force field of
ref 24) of a bulk system of G2 PDs so that it implicitly takes
into account the chemical details of the system. We show the
results of several coarse-grained molecular dynamics (CG-MD)
simulations of melts of PDs from generation 2 until generation
4 (G4), performed for times longer than 0.1µs. Particular
attention is paid to the analysis of the conformation and general
shape of individual molecules in the bulk environment compared
with the results found for the isolated molecule and with the
available experimental data.

2. Coarse-Grained Model and Mesoscopic Force Field
Development

The rigidity of the system and the approximate sphericity of
the subunits allow us to collect the atoms in beads of quite large

dimension, compared to typical coarse-graining schemes for
linear polymers. In Figure 1, a schematic representation of the
mapping scheme is depicted. As the only relevant degrees of
freedom involve the bonds connecting the tetrasubstituted phenyl
rings, the natural choice is to define a bead, which contains the
entire repeat unit, placed at the center of mass. In this way,
only one type of bead (called A) is necessary to build the model
for the G1 dendrimers, while for the G2 two bead types (the
inner one is again of type A and the outer one is called B) are
used. To develop the force field for the coarse-grained model,
we follow the procedure detailed in previous papers.19,25Here,
we only summarize the main steps. From the atomistic simula-
tions of G2 PDs the probability distributions of the two types
of bond (A-A and A-B) and of the three different types of
angles (A-A-A, B-A-B, and B-A-A) are obtained, and
subsequently fitted with a suitable number of Gaussian functions
(see Figure 2). The bond and angle distributions are then
Boltzmann-inverted to give the coarse-grained potential energy
functions for these interactions.19 In Tables 1 and 2, the Gaussian
parameters for bond and angle types are reported. Moving from
the second generation to higher generations the number of bond
types becomes three (A-A, A-B, and B-B) and a further angle
type (B-B-B) is needed.

Because of the comparable chemical structure of the beads
A and B and to the high symmetry of the coarse-grained
structure, we use for the new bonds (B-B) the same parameters
as for the A-B stretching and for the angle B-B-B the
parameters B-A-B. As in other cases, torsional interactions
have been omitted, while the nonbonded interactions have been
parametrized using iterative Boltzmann inversion starting from
the atomistic radial distribution functions. The G2 dendrimers
present three (A-A, A-B, and B-B) types of nonbonded
interactions. The potentials of mean force (F(r)) for these
interactions have been obtained by Boltzmann inverting the
corresponding target radial distribution functions from atomistic
simulations (RDFtarget).

Figure 1. Atomistic and coarse-grained representation of the first and second generation of polyphenylene dendrimer. The black points represent
the center of mass of the beads. On the left side of the arrow, the dashed and dotted circles correspond respectively to beads of type A and type
B.

F(r) ) -kBT ln RDFtarget(r)
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These free energies cannot be used directly as potentials because
they already contain the cooperative many-body effects arising
from the packing of particles in material. However, they can
be used as initial guessesV0(r) in an iteration process, which
modifies the potential of mean force to obtain the effective
nonbonded potentials.

The tabulated numerical potentials are iterated until they yield
the target RDFs from the atomistic reference simulations. In
practice, a small number of MD simulations at constant
temperature and density conditions (for the details, see the

computation details section) are necessary to converge the
coarse-grained RDFs to the corresponding target RDFs.

This mapping scheme leads to beads of large radius (∼0.66
nm), and the corresponding RDFs are rather complicated. After
a few iterations, however, convergence is reached and the force
field reproduces satisfactorily the target RDFs; moreover, the
pressure is quite close to the target one (∼18 atm instead of 1
atm). To remove this small discrepancy in the pressure, we
reoptimize the system by adding to the potential a weak linear
potential term∆V(r) ) A(1 - r/rcutoff) to the attractive long
range part ofVi(r). The pressure optimization, after a few cycles,
gives a final pressure of 0.99 atm.

Figure 3 shows the comparison among intermolecular pair
correlation functions coming from the atomistic simulations
(solid line) and those obtained with the coarse-grained models
(empty circles). All pair interactions are in acceptable agreement
with the target RDF, even if small discrepancies are evident.
The inconsistency in the A-A interaction (Figure 3a), where
the CG RDF is always below the atomistic RDF, is only an
apparent one. This effect arises from the peculiar 3D-symmetry
of dendrimers in contrast with linear polymer chains. Beads of
type A are firmly located inside the dendrimer scaffold, and in
the coarse-grain representation they are partially shielded from
interactions with other molecules by beads of type B (“cage
effect”). Moreover, the A-A nonbonded potential coming from
the corresponding inverted RDF, is purely repulsive, so that
the beads repel each others. The resulting coarse-grained RDF
A-A is actually dominated to a large extent by A-B and B-B
interactions, rather than A-A interactions. As a result it lies
always below the target RDF within the cutoff radius (<1.6
nm), to which the plot extends. For distances bigger than the
cutoff radius, the coarse-grained RDF exceeds the corresponding
atomistic one, giving the same total number of particles (not
shown).

3. Computational Details

MD Atomistic Simulations. The atomistic MD simulations are
carried out on the bulk of second generation PDs. The rigidity of

Figure 2. Histogram of A-A and A-B bond lengths (top part), and bending angles B-A-B and A-A-B (bottom part), of second generation
dendrimers extracted from atomistic (solid line) and coarse-grained (dashed line) simulations.

Table 1. Gaussian Parameters for the Bond Distribution forP(r) )
∑ i)1

n Ai/wixπ/2 exp(-2(r - li)2/wi
2)

G2

bond type n i Ai wi [nm] li [nm]

A-A 2 1 0.64 0.062 0.708
2 0.32 0.028 0.725

A-B; B-B 1 1 1.00 0.023 0.866

Table 2. Gaussian Parameters for the Angle Distribution forP(θ) )
∑ i)1

n A i/wi xπ/2 exp(-2(θ - θi)2/wi
2)

G2

angle type n i Ai wi [deg] θi [deg]

A-A-A 3 1 0.76 7.5 58.3
2 0.48 3.9 61.4
3 0.04 2.2 67.4

B-A-B; B-B-B 5 1 0.11 7.6 36.22
2 0.07 4.7 47.8
3 0.68 19.5 59.3
4 0.09 5.7 69.6
5 0.04 4.4 81.1

A-A-B 5 1 0.11 9.0 85.0
2 0.04 8.42 98.4
3 0.16 8.48 135.4
4 0.46 19.5 158.8
5 0.12 13.7 121.3

Vi+1(r) ) Vi(r) + kBT ln
RDFi(r)

RDFtarget(r)
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the PDs makes the preparation of the simulation box quite easy in
comparison with flexible polymer chains: eight dendrimers,
separately minimized in vacuum, are put, in a random orientation,
in a box corresponding to a density of 0.7 g/cm3 to avoid the
overlaps between the atoms. After that, a minimization and
subsequently a sequence of NVT simulations (300 ps each) are
applied to relax the system and, reducing gradually the volume,
until a density of∼1 g/cm3 is reached. The production runs are
carried out under NPT controlled pressure and temperature condi-
tions using the periodic boundary conditions until the systems reach
the equilibrium density.

A coupling Berendsen thermostat and barostat with respective
coupling timesτT ) 0.1 ps (the same was used in the NVT
equilibration runs) andτP ) 2.0 ps are used to keep the temperature
and the pressure close to the desired values. For the pressure this
value is 1atm, the temperature is fixed at 323 K. The time step
used is 1 fs and the production runs are 8 ns long; the van der
Waals interactions are truncated beyond 1.2 nm. All the simulations
are carried out with the TINKER software26 using the MM3
empirical potential which is particularly well suited to describe
conjugated systems owing to its explicit description of the
π-system.27 The final density is 0.89 g/cm3.

Coarse-Grained MD Simulation.The coarse-grained force field
is developed and optimized on a system of eight coarse-grained
G2 dendrimers. The molecules are put in a simulation box with

orthorhombic periodic boundary conditions; the simulations are
performed using the GMQ_num code, a version of the GMQ
package28 able to handle numerical potential. The density achieved
during the optimization is 0.92 g/cm3, in agreement with the one
obtained from the atomistic simulations.

The production runs are performed using a simulation box
containing 216 molecules of PDs of second, third (G3), or fourth
(G4) generations respectively. We could not generate starting
structures of fifth generation molecules because of the steric
crowding at the chain ends. This limit in the generation degree is
in agreement with the incomplete conversion that occurs during
the synthesis for generations higher than four.29

The simulations are carried on at constant temperature (323 K)
and constant pressure (1 atm). The time constants for the Berendsen
thermostat and barostat are set to 0.15 and 5 ps. The time step is
10 fs and cutoff radius for the nonbonded interaction is set to 1.6
nm.

The density values found for the G2, G3, and G4 dendrimers
after 100 ns of production run in the NPT ensemble are 1.0, 1.20,
and 1.16 g/cm3 respectively.

It should be noticed that with 216 molecules of G2 PDs, the
density of the system is slightly larger than that observed with 8
molecules. Such difference does not show up in the corresponding
RDFs. This increase in density can be explained with better packing
possibilities due to the presence of more molecules. This effect
seems not to occur for the bigger generations: for both G3 and G4
identical density values are obtained from the CG simulations of 8
or 216 molecules.

In Table 3, the number of atoms and the corresponding number
of beads, the coarse-grained and atomistic density values and the
length of the CG simulations are reported for all systems investi-
gated.

4. Results

Bulk Properties: Free Volume Analysis and Order Tensor
Calculation. From the pioneering work of Fox and Flory30 it
is known that the density of a bulk of linear polymer chains
depends on the number of monomers per chain and this
dependence is caused by the extra free volume of the chain ends.
In particular the density increases with polymer chain length
(up to a certain limit) because the effect of the free volume of
the chain ends is reduced increasing the molecular weight.
Several computational studies have investigated the influence
of the end-monomer free volume on static and dynamics
properties of melts of unentangled linear chains.31 As far as we
know, no similar systematic analysis has been performed on
dendrimer melts. Here the number of the end-monomer increases
with the generation and the relation for the linear chain is not
valid. There can be several reasons for the generation depen-
dence of the density in dendrimers melts: (i) the effect of the
free volume of the chain ends, (ii) the change of the intra-
dendrimer free volume with the generation, and (iii) the different
intermolecular packing that changes with the generation. Look-
ing at the free volume of the monomer ends, it can be argued
that the role played by them in the density depends on the
flexibility of the dendrimer branch. The extra free volume per
chain end, responsible for the increase of the density in linear

Figure 3. Radial distribution functions of second-generation dendrimer
(intermolecular part only). Continuous lines: atomistic RDFs for the
three different pair interactions (A-A, A-B, and B-B). Empty
circles: RDFs obtained from the last iteration of the Boltzmann
inversion scheme.

Table 3. Details of the Systems under Investigation

density [g/cm3]

generation
no. of
atoms

no. of
beads

CG sim
length [ns] atomistic CG

G2 462 9 100 0.89 0.92a/1.00b

G3 1062 21 100 - 1.20b

G4 2162 45 100 - 1.16b

a Density obtained from NPT simulations performed on eight PDs.
b Density obtained from the production runs with 216 PDs.
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polymer, can be drastically reduced when the branches are so
flexible that the monomer ends lie inside the dendrimer scaffold
close to its core. As we are going to show later, in the present
case, the PD structure is quite stiff and we expect that all the
chain ends reside outside the molecule. On the basis of this
assumption, we expect that the density decreases with the
generation. In contrast, we have an increase between G2 and
G3 and a slightly decrease when we move to G4. This finding
favors the second or the third hypothesis cited above. To check
the internal free volume of the coarse-grained dendrimers, we
use the random particle insertion method with probes of different
size. Figure 4 shows the internal free volume (expressed as a
probability of finding free volume for a probe randomly placed
within the dendrimer normalized with respect to the total number
of insertions) as a function of the distance from the dendrimer
center of mass.

From Figure 4, it is clear that the free volume captured inside
the dendrimer has the same trend for all generations. Because
of the stiffness of the PD scaffold, the free volume increases
from the core to the end monomers almost monotonically. These
results bring us to think that the reason for the density trend
with the PD generation lies in the intermolecular packing, but
further investigations are needed to clarify this behavior.

There are no experimental values for the bulk density of PDs
but, looking at the experimental values for poly(propylenimine)

functionalized and unfuctionalized, reported by Tande et al.,32

it is clear that the trend of the density value is not easy to predict.
Since the change in density as a function of branch flexibility
and generation is fundamental for understanding the bulk
properties of dendrimers, a more systematically analysis will
be carried out in future studies. All following results correspond
to simulations carried out on 216 molecules, unless noted
otherwise.

Beyond the molecular rigidity another interesting behavior
of PDs is their ability to self-assemble. Experiments on PDs
deposited on graphite shows that the PDs spontaneously form
a monolayer on the basal plane. Moreover, complex supramo-
lecular structures, such as rods or two-dimensional crystals, were
imaged with atomic force microscopy.33 The self-assembly
behavior is induced by the graphite surface. In this contribution,
we want to investigate, by the inspection of the order tensor
and the orientational autocorrelation function, if also in the three-
dimensional bulk the peculiar chemical structure of the PDs
induces any order. In this way, we also monitor the efficiency
of the coarse-grained model in the global relaxation of the
dendrimers.

The order tensor is defined as

where the unit vectorui denotes the direction of the molecule
i, and it is the eigenvector corresponding to the smallest
eigenvalue of the inertia tensor of the same moleculei. In the
formula I is the unit tensor andN is the number of molecules
in the simulation box. The average is computed over the all
molecules and the angle brackets denote the average over the
trajectory. The largest eigenvalue of the order tensor is called
the order parameterτ and it indicates if the molecules are
oriented along the same direction (τ )1) or not (τ ) 0). For all
generations, we obtain a value ofτ around zero showing that
there is no favorite orientation of the molecules in the box.

To check the global relaxation of the dendrimers we calculate
the orientation correlation function, defined as

wherev is the unit vector connecting the dendrimer center of
mass and one of the end beads, and the average is over the
trajectory and the molecules.

In Figure 5, the P2 calculated for one G4 PD molecule (the
slowest system) is depicted: the function goes to zero within
15 ns, showing the perfect relaxation of the system. The curve
can be fitted to the stretched exponential (Kohlrausch-Wil-
liams-Watts) functional form (Figure 5):

The corresponding relaxation timeτ is the integral of the
exponential function. We findτ ∼ 840 ps. This shows that,
orientationally, the molecules are relaxed in the 100 ns simula-
tion time. This would have been impossible to achieve with an
atomistic model.

Single Molecule Characterization: Gyration Tensor and
Shape Anisotropy. In a previous publication,24 we analyzed
in detail the three-dimensional structure of isolated G1 and G2
PDs focusing on the dynamical evolution of the conformations
assumed by the core of the dendrimer and the associated
dendrimer global shape. This analysis was mainly carried out

Figure 4. Free volume calculation inside the polyphenylene dendrimer
scaffold for different probe dimensions. The three plots correspond to
different dendrimer generation: (a) second-generation, (b) third-
generation, and (c) fourth-generation.

S )
3

2 〈1

N
∑
i)1

N

ui X ui -
1

3
I〉

P2(t) ) 1
2

〈3[v(t)‚v(0)]2 - 1〉

P2(t) ) exp(-(t/τKWW)â)
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by the calculation of the second moment of the atomic
distribution (the gyration tensor) which is defined as (assuming
uniform masses)

whereN is the number of atoms in the PD,rR
i is the position of

the ith atom and rR
M is the position of the dendrimer’s

geometrical center. The eigenvalues of the gyration tensor (λ1
2,

λ2
2, andλ3

2) represent the characteristic lengths of the equivalent
ellipsoid with which the dendrimer is described.

The characteristic lengths can be combined to give several
parameters describing the distribution of the particles: the most
used is the squared radius of gyrationRg

2 which is defined as
the trace of the tensor.

Another important parameter is the relative shape anisotropy
k2 defined as

whereI2 is the second invariant ofR2 defined as

The value ofk2 ranges between 0 and 1. A linear array of
atoms (i.e., a rigid-rod molecule), for example, is characterized
by k2)1; for a homogeneously filled polygonk2 ) 1/4; for
structures with tetrahedral or high 3-d symmetry,k2)0.

In previous atomistic MD simulations,24 we observed that
isolated G2 PDs showed an interesting switching among two
well-defined global conformations, and, looking at the time
evolution of the characteristic lengths (λi), we were able to
follow this transition. Moreover the change in shape could be
visualized and related to the core conformation of the dendrim-
ers. Atomistic simulations of bulk systems did not show any of
these shape changes and, apart from small geometrical changes,
the initial conformations were maintained during the entire
simulation length (the coarse-grained force field used in this
paper has been developed starting from the distributions obtained
from these atomistic simulations). This observation can be
explained in two ways: PDs in the bulk state behave differently

from PDs in vacuum, or the simulation time window (8 ns) is
too short. The coarse-grained model described in section 2 is
able to address this issue. The same geometrical characterization,
with the calculation of the shape anisotropy factor, has been
done for the coarse-grained PD in all generations.

We will show that, although the coarse-grained potential was
built starting from the atomistic bulk simulation, the coarse-
grained model produces the same switching which was observed
in the atomistic gas phase. As in the atomistic case, it is possible
to follow the conformational changes by monitoring the
eigenvaluesλi and to visualize the two typical shapes; however,
there is, of course, no information about the dendrimer core
conformations.

Figure 6 (top part) shows the time evolution of the largestλi

for G2 along 7 ns of the trajectory with the corresponding 3D
pictures of theopenandcollapsedstructures. The main signature
of these structures is the ratio among the twoλi and the bottom
part of Figure 6 shows its distribution. The distribution can be
fitted using two Gaussian functions center in 0.3 and 0.4. In
this case it is hard to say that the distribution is bimodal (as it
will be evident for the higher generations). This is due to the
approximation that the CG model, using spherical beads, makes
in describing the dendrimer shape (see Table 4 third and fourth
columns), which results more discoid (λ2 and λ3 are similar)
than in the atomistic description.

Not surprisingly, the rate of the conformational jumps in the
coarse-grained simulation is greater than in the atomistic ones
(in which case the dendrimer is even in vacuum). It is already
known that the dynamics in a coarse-grained system is acceler-
ated with respect to the corresponding atomistic system.34 The
reason lies in the nature of the coarse-grained force field:
inversion of the RDF leads to a softer repulsion and a smoother
potential between the beads than described by the atomistic force
field. The faster dynamics can be a problem when the study
concerns dynamic properties like the viscosity or the self-
diffusion coefficient, but in the present case the speed up of
the intermolecular motion helps only to observe an internal
conformational changes that otherwise could not be observed.

A similar transition is observed also in dendrimers of higher
generations. Figure 7 (top part) shows the time evolution for
the λi of G3 dendrimers.

In this case, oscillations in theλi values are found to
correspond again to theopen/collapsedswitching. As expected,
the oscillation is slower than in G2. The switching is also
reflected by the distribution of theλ2/λ3 ratio (see Figure 7
bottom part). In this case, the distribution is clearly bimodal.

Figure 8 shows the jumps among the two conformations for
the G4: the different global shape is so well-defined because
the oscillating period is longer than in the previuos cases. The
λ2/λ3 distribution shows clearly that the distribution is bimodal.

These results show that, even thought, the CG force field
has been devolped from an atomistic simulation that allowed
the dendrimers to sample one of global conformational state
and a deformation of it, the CG simulations show the switching
between the two global states identified asopenandcollapsed.
This behavior can be explained considering that the global state
sampled during the CG simulations (open) is a transition state
among the two (collapsedand distorted) found during the
atomistic simulation. The CG potential is enough soft to allow
the molecule to switch between the three conformations (see
Figure 9).

To better relate the CG simulations presented in this paper
to the previous atomistic simulations carried out on the isolated
dendrimers, we compare the eigenvaluesλi obtained from the

Figure 5. Orientational autocorrelation function (OCF) P2 (see text)
of a individual polyphenylene dendrimer of generation fourth averaged
over all 216 molecules (solid line) and its fitting to the Kohlrausch-
Williams-Watts equation (dot line).

RR,â
2 )

1

N
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i)1

N
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atomistic G2 to the ones corresponding to the coarse-grained
model. It is worth noting that the atomistic bulk simulations
and the simulations carried on in vacuum give almost the same
eigenvalues. The following comparison is made with the isolated
dendrimer only because in this case the molecular switching
occurs, and the eigenvalues are the averages of the two
conformers open and collapsed. Then using the atomistic
trajectory, we calculate the center of mass of each bead
following the coarse-graining scheme used in this paper. In this
way we obtain a “coarse-grained” trajectory derived from the
atomistic one (we called this model pseudo-CG). On the pseudo-
CG trajectory we calculate the eigenvaluesλi and the anisotropy
factor. The shape and mass distribution of the atomistic
dendrimer is of course different from the coarse-grained model
describing the dendrimer with only nine spheres. The atomistic
eigenvalues, indeed, are slightly lager than the pseudo-CG ones,
but they have similar ratios. This inaccuracy in describing the
real shape of the molecule is also evident comparing the
averaged anisotropy factor〈k2〉 of the two models (0.225 and
0.173 respectively) (Table 4). In contrast, a direct comparison

among theλi of the CG and the pseudo-CG models shows that
the values are comparable within their errors.

Inspection of the last column of Table 4 shows that the
anisotropy factor〈k2〉 decreases from G2 to G4: for the second
generation〈k2〉 is equal to about 0.23, but for higher generation
it decreases to a value of 0.163. These trend can be compared
with the shape anisotropy factor calculated by Zacharopoulos
et al.17 for a melt of poly(propyleneimine) dendrimers. They
found ak2 of 0.22 for the second generation and a value of
around 0.10 for the fifth generation, showing a remarkable
decrease with the generations. The authors found, by inspection
of several geometrical parameters, that to this change ink2

corresponds a change in the distribution of the monomers toward
a more globular rearrangement. For our rigid dendrimers, this
kind of globular rearrangement does not occur and the structure,
in spite of a small decrease ink2, preserves the shape more or
less when the generation increases.

Single Molecule Characterization: Hydrodynamic Radius,
Structure Factors, and Comparison with Experimental
Results. Small-angle neutron scattering experiments (SANS)

Figure 6. Top: Time evolution of the largest eigenvalues of the gyration tensor for one individual polyphenylene dendrimer of second generation.
The two 3D structures (openandcollapsed) corresponding to the different area of the plot, are also reported. Bottom: Distribution of theλ2/λ3 ratio
(solid line) and corresponding Gaussian distributions fitting the curve (dotted line).

Table 4. Characteristic Lengthsλ1, λ2, and λ3 from Atomistic (in Vacuum), Pseudo-CG (Vacuum), and CG (Melt) Simulations of Polyphenylene
Dendrimers of Different Generations

generation 〈λ1〉 〈λ2〉 〈λ3〉 〈k2〉

At-G2 3.7( 0.4 7.3( 0.7 9.0( 0.4 0.173( 5.0× 10-2

pseudo-CG-G2 2.4( 0.3 6.0( 0.6 7.4( 0.3 0.216( 4.7× 10-2

G2 2.1( 0.5 6.1( 0.6 7.7( 0.4 0.228( 5.0× 10-2

G3 4.3( 0.8 9.2( 0.9 11.8( 0.7 0.196( 5.8× 10-2

G4 6.6( 1.1 12.3( 1.2 15.5( 1.0 0.163( 5.1× 10-2
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are a suitable analytical method to obtain information on the
internal structure and overall shape of dendrimers, such as the
hydrodynamic radius (RH), Rg, and the radial density profile by
means of the scattering structure factors.11 It is possible to
calculate theRH from the simulations, defined as the harmonic
mean of the interatomic distances

whereN is the total number of atoms andRij is the distance
between atomsi andj belonging to the same molecule, and the
sum is averaged over the MD trajectory. Moreover, the static
structure factorS(q) defined as

can be easily calculated from the MD trajectories, too.
In Table 5 (second and third columns), the calculatedRg and

RH are reported for all generations. The available experimental
values are reported in the last two columns. For G2 and G3 the
correspondingRH have been measured using the dynamics light
scattering on dendrimers with the identical repeat unit, but based
on tetra phenyl methane core instead of a single trisubstituted
phenyl core, as in our PDs.29 For G4, SANS experiments have
been conducted on the fourth generation PDs with a biphenyl
core (4G-biph).35,36 The extrapolation in the SANS profile to
infinite contrast for 4G leads to an experimentalRg of 2.6 nm.
All computed values are smaller than the experimental ones.
Clearly the chemical nature of the core makes a difference, as

discussed in detail in ref 23, and this can account for part of
the discrepancy between computed and observed values. We
cannot rule out, however, a second contribution to the discrep-
ancy from the underestimation which our coarse-grained model
makes describing the atomistic structure (as explained above
when we compared the atomistic and the pseudo-CGλi). To
find an approximate scale factor, which corrects the underes-
timation by the coarse-grained model, we also calculateRg for
the atomistic model of G2 (1.22 nm), leading to a scaling factor
atomistic/coarse-grained dimension of about 1.13. It is worth
noting that this scaling factor takes into account only the
underestimation of the coarse-grained model and it was not
chosen to account for the effect of the dendrimer’s core. Indeed,
it is known that different dendrimer cores can lead to a different
dendrons spatial rearrangement. For instance, Pricl and co-
workers23 found that, for isolated dendrimers the evolution of
the structure is intimately related to the dynamics of the core.
Despite that they found that the dendrimer core effect on the
gyration radius value is evident for small generations in the case
of biphenyl core (0.95 nm for the trisubstituted-phenyl-core vs
1.05 nm for the biphenyl core, both second generation den-
drimers) and unimportant for the third generation (1.38 nm for
both cores). In contrast, the discrepancy is more evident in the
case of tetra phenyl methane core, for which they found a value
of 1.32 nm for the second generation and 1.78 nm for the third
one. We notice, however, that the dendrimer structures found
in the present study are remarkably different from those found
in ref 23.

The fourth and fifth columns of Table 5 reportRg and RH

values calculated from the CG trajectories and corrected with

Figure 7. Top: Time evolution of the largest eigenvalues of the gyration tensor for one individual polyphenylene dendrimer of third generation.
The two 3D structures (openandcollapsed) corresponding to the different area of the plot, are also reported. Bottom: Distribution of theλ2/λ3 ratio
(solid line) and corresponding Gaussian distributions fitting the curve (dotted line).
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the factor described above; these numbers compare well to the
experimental values.

Figure 10 shows the structure factor profile for single
dendrimer molecules of different generations. For clarity we
normalize the plots by the dendrimers’ number of beads. All
generations have a similar behavior. Moreover, we calculate
S(q) for a sphere of radius 2.6 nm (equal to theRg of G4 PD)

and for an ellipsoid with the characteristic lengths of G4. At
small q the overlap among the CG and ellipsoidS(q) is very
well (Figure 10 bottom part).

The location of the end groups within the dendrimer scaffold
is one of the most important properties for the application of
dendrimers. PDs are characterized by a stiff structure, which
should prevent the terminal group from folding back into the

Figure 8. Top: Time evolution of the largest eigenvalues of the gyration tensor for one individual polyphenylene dendrimer of fourth generation.
The two 3D structures (openandcollapsed) corresponding to the different area of the plot, are also reported. Bottom: Distribution of theλ2/λ3 ratio
(solid line) and corresponding Gaussian distributions fitting the curve (dotted line).

Figure 9. Schematic representations of the global conformations identified during the atomistic and coarse grained simulations. The arrows indicate
the conformational changes that occur in the two types of simulation.
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interior of the molecule. The spatial arrangement of the dendrons
can be evaluated by the calculation of the intra-dendrimer radial
distribution function (intra-RDF).

A more detailed vision of the stiffness of the dendrimer
branch can be obtaining looking at relative position of the beads
within the dendron itself. In Figure 11, we show the intra-
dendron RDFs for G3 and G4. To make the plot clear we label
the bead A, B2, B3, and B4 depending on which generation they
belong to (see the schematic dendrimer representation of Figure
11), and we plot only the intra-dendron-RDF corresponding to
the pairs A-B2, A-B3, and A-B4 (the last, of course, only
exists for the fourth generation).

The first peak of each graph represents the bond distance
between bead of type A and beads of type B directly connected
(B2). The G3 model (top part of Figure 11) does not show any
back-folding: the probability of finding a bead belonging to
the third generation in the second generation “shell” is zero (i.e.,
there is no overlap between the first peaks at ca. 0.8 nm and
the first peak corresponding to the and groups that lies at 1.2
nm). For the G4 dendrimer (bottom part of Figure 11), there is
a small probability to find end beads even at distances smaller
than 0.9 nm. This probability is small and the majority of the

end beads is at a distance beyond 2.4 nm. We conclude that
also for the G4 the backfolding is insignificant.

In ref 36, a numerical model is used to fit the experimental
SANS results of the fourth generation PDs with a biphenyl core
(G4-biph) and from this it has been possible to calculate the
average radial bead densityF(r), defined as the number of beads
whose center of mass is located within the spherical shell of
radius r and thickness∆r from the center of mass of the
dendrimer. This model treats each repeat unit as a sphere, as
we did in our coarse-grained description, and it fits the
experimental profile. In Figure 12, we reportF(r) calculated
using this numerical model and our CG simulation for the G4
PD. The agreement between the curves is good: in both cases
the peaks corresponding to the different generation shell are
clearly separated and lie at the same distancer form the
dendrimer center of mass, within a small discrepancy due to
the different dendrimer cores. In Figure we draw differently
the F(r) corresponding to the end-beads. In this way the
distribution of the end groups inside the dendrimer can be better
compared. Using the numerical model, no overlaps occur

Table 5. Gyration Radius (Rg) and Hydrodynamic Radius (RH) for
PDs of Different Generation

theor corrected expt

generation
theor

Rg [nm]
theor

RH [nm]
Rg

[nm]
RH

[nm]
Rg

[nm]b
RH

[nm]a

G2 1.08( 0.3 1.33 1.2 1.5 1.5a

G3 1.62( 0.6 1.71 1.8 1.9 2.2a

G4 2.09( 0.8 2.16 2.4 2.4 2.6b

a Reference 29.b Reference 36.

Figure 10. Top: structure factorS(q), normalized with respect to the
dendrimer number of beads, for different dendrimer generations. The
dotted and dashed lines are relative to the spherical and ellipsoidal
model respectively. Below: details of the low wave vector region of
the plot, showing the good overlap among the fourth generation and
the ellipsoid curve.

Figure 11. Intramolecular radial distribution functions for polyphe-
nylene dendrimer of third (top) and fourth generation (bottom).
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between the peaks showing that this model does not find any
back-folding. The simulation results confirm the results of the
intra-RDF, showing that a small back-folding, on average, can
occur in the melt phase. This result can be favorably compared
to what reported by Gotze and Likos37 about their Monte Carlo
simulations of concentrated dendrimer solutions. Comparing the
F(r) calculated for concentrated and dilute solutions, they found
that the density profile becomes shorter in range and higher,
concluding that the dendrimer shrinks as a results of the
increased overall concentration. On the other hand, they found
that to this shrinkage does not correspond a sensitive changes
in the calculated SANS profile. This leads to the conclusion
that dendrimers with the same SANS profile can have a slightly
different F(r).

5. Summary

In this paper, we have presented a coarse grained model for
dendrimer melts, which implicitly contains the chemical details
of the atomistic structure. The force field developed is specific
to the PDs under investigation (based on a trisubstituted phenyl
core), but the coarse-graining procedure can be generalized to
all the dendrimers of this type. Bulk systems of polyphenylene
dendrimers of second, third and the fourth generation, have been
simulated by means coarse-grained molecular dynamics at
atmospheric pressure (1 atm) and temperature (323 K) for
around 0.1µs. The simplifications of the coarse-grained model
have enabled these large simulation times and, thus, provided
the statistical basis for the subsequent analyses. With atomistic
models, the results could not have been achieved.

The analysis of the single molecule orientational autocorre-
lation function shows that the melts are globally relaxed. The
order parameter indicates no alignment between the molecules.
The computed bulk densities are not due to free volume
requirements of the end beads or the intra-dendrimer free
volume.

Analyzing the structure of single dendrimer molecules, we
have shown that, for all generations, the CG method is able to
predict within a small uncertainty the size of the dendrimer. In
the CG simulation of the melts, the molecules jump between
two global conformational states (openandcollapsed), which
were already observed using atomistic MD simulations carried
on isolated dendrimer. The switching among theopen and
collapsedconformational states can be interpreted as a coopera-
tive phenomenon that involves several degrees of freedom along
the dendrons. Unfortunately, the switching frequency cannot
be obtained reliably, since coarse-graining speeds up the

dynamics artificially. However, we found that the bigger
generations have lower switching rates.

Finally, the detailed analysis of the intra-dendron-RDFs and
of F(r) has shown that our model gives a realistic descriptor of
the internal structure of PDs since the peaks are in agreement
with SANS experiments. However, even if for these dendrimers
in solution a rigid scaffold without back folding of the dendrons
was predicted, our results show that in the melt and for high
generations there is, a small probability to find end beads at a
short distance from the core.
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