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ABSTRACT: By means of molecular dynamics simulations of model dendrimers, we analyze the depen-
dence of the bulk density and molecular packing on the dendrimer molecular weight and intrinsic stiffness.
We find that the density is consistently higher in flexible dendrimers than in the rigid ones with a large bending
angle. The density values change slightly within the first two generations to reach a plateau. We interpret these
results in terms of free volume, showing that the enhanced accessible free volume that characterizes the end-
dendron monomers is counterbalanced by the higher number of internal monomers, leading to a constant
bulk density for generations larger than three. The added stiffness affects the geometrical properties and the
molecular rearrangement of the bulk, reducing the short-range local order and the packing efficiency favoring
the dendrimer interpenetration. Our prediction for the bulk density matches and rationalizes experimental

and previous all-atom simulation results.

Introduction

Dendrimers are hyperbranched macromolecules characterized
by a very high degree of symmetry in their topology. They have
a multifunctional core from which relatively short chains (called
branches or dendrons) emanate.' Because of their striking topol-
ogy, they are considered a special class of macromolecules, and in
fact their properties differ quite remarkably from other corre-
sponding polymers.>> In order to use dendrimers as materials,* ¢
accurate knowledge of their properties in the bulk phase is necessary.
In particular, the study of the dependence of the glass transition tem-
perature,’ viscosity,™ and molecular shape and organization'*!" on
dendrimer generation and topology is vital to optimize their
applications. Several experimental and theoretical investigations
have addressed dlfferent as7pects of the thermodynamic®'*~ " and
rheological behavior"' of dendrimer melts, but, although all
the properties mentioned above depend on the value of the bulk
density, a systematic study of its dependence on dendrimer
molecular weight or chemical composition is still lacking. In fact,
while for linear polymers the relation between glass transition
temperature, bulk density, and free-volume is well-known,'®"
for dendrltlc molecules this relation has not been clearly estab-
lished yet.”?° One of the main problem seems to be the difficulty
to generalize the results to any type of dendrimer, irrespective of
its chemical constitution. Indeed, dendrimers of the same gen-
eration can show either a compact and spherical shape (filled core
conformatlon) or a more open disk-like shape (hollow-core
conformation)*' depending on the type of monomers used. It is
then possible to tune the properties of the final molecule at the
first stage of the synthesis, choosing the correct monomer for the
target application. The structure and properties of dendrimers
are, in fact, not only determined by the monomer chemical
composition (polarity, acidity, etc.) but also by the nature of
the covalent bonds connecting the monomers. Indeed, due to
their constrained topology, in dendrimers the presence of rigid
monomers, such as phenylene, leads to a reduced number of allowed
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conformations and, in turn, can change the entire global shape of
the molecule.?” A similar effect has been also reported for linear
polymers where the glass transition temperature can be modulated
by varying distribution and concentration of bulky rigid units.?*
Molecular simulations have greatly helped in understanding
several ZProper‘ues of dendrimers both in solution and in the melt
phase.” In particular, three different molecularly based den-
drimer models are commonly employed. The first is the all atom
(AA) model, where all the degrees of freedom of the molecule are
taken into account, and the chemistry of the dendrimer is
completely preserved. With this approach, the behavior of, for
examgle polyaminoamide (PAMAM) dendrimers in water®” and
bulk®” has been clarified, predicting their conformational proper-
ties and aggregation mechanism. A second simulation approach
uses coarse-grained (CG) models to simulate dendrimers. In this
case, two different families of CG models are normally employed.
One method develops models and force fields from detailed
atomistic simulations,'*?! retaining implicitly the details of the
underlying chemistry. Within these models, there is a one-to-one
correspondence among the atomistic and CG structure, and the
latter is usually built on the former, also providing an easy way to
reintroduce in a second stage the degrees of freedom neglected
during the coarse-graining procedure.*** The second method
uses a simplified CG model where the chemical details are not
included.'®'34737 In this case, the potential energy is defined by
a bond term that maintains the topology of the molecule and by a
nonbonded term to describe all the other pair interactions among
beads that are not directly connected. The covalent bonds are
usually represented by the attractive finite extensible nonlinear
elastic (FENE) potential, where the maximum bond extension
can be varied. The nonbonded potential term is usually a shifted
Lennard-Jones potential that vanishes at distances beyond a
cutoff (r.,,). Within this model, several structural properties can
be calculated, but the correspondence with the all atom models
(and in turn the chemistry of the molecule) is not straightforward
asin the previous case. Indeed, each bead corresponds to a Kuhn
segment (or persistence length) of the dendron, as the only intrinsic
rigidity of the molecule arises from the excluded-volume interactions.

Published on Web 10/15/2010 pubs.acs.org/Macromolecules



9192  Macromolecules, Vol. 43, No. 21, 2010

M1

Carbone and Lue

9, =109°

Figure 1. (Left) Snapshot of model_180 second generation dendrimer (d2g2). The equilibrium angles (¥,) are also reported. (Center) Snapshot of
model_109 third generation dendrimer (d2g3); the dendrimer core is colored in yellow. (Right) Snapshot of flexible model of the fifth generation
dendrimer (d2g5). In the figure, the end-monomers are colored in blue (named M1 in the text), the separator beads are in green (named M2 in the text),

and the branching beads are in red (M3 in the text).

However, while for linear polymers the concept of Kuhn length
corresponds to a defined distance along the polymer chain
(usually measured in bond units) and, from which, the underlying
all atomistic structure can be recovered,™ for dendrimers the
Kuhn length is more complicated to define.

Experimentally, due to their constrained topology, dendrimers
show a strong correlation among the positions of atoms belong-
ing to the same dendron, and their global structural properties
ultimately depend upon the chemistry involved. Gorman et al.*
used AA models to analyze the effect that the repeat unit
flexibility has on the dendrimer conformation. They found that
the degree of flexibility of the dendrimer unit affects the global
shape of the molecule: dendrimers with a flexible repeat unit possess
an eccentric but globular shape, while dendrimers with stiff-chain
(phenylacetylene) repeat units are more disk-like in shape. This
intimate properties—dendron flexibility relationship can also be
found by examining the different behaviors PAMAM?>’and poly-
phenylene (PD)*' dendrimers show in bulk phase. The former
(flexible dendrimers) shows an evident backfolding of the end-
group monomers toward the dendrimer core and clear inter-
penetration among different molecules, while the latter (typical
example of rigid dendrimers) presents a substantially rigid
structure that does not allow for backfolding of the end groups.
While the intrinsic stiffness of the dendrons comes automatically
with the chemistry when AA models (or atomistic-based CG models)
are used, for the simplified CG model the intrinsic rigidity of the
dendrons can be controlled by including an extra term (bending)
to the potential energy.*’

The present paper aims at predicting the dependence of the
dendrimer bulk density upon the dendrimer molecular weight
and structure, employing CG models whose dendrons have
different degrees of flexibility. In particular, we perform molec-
ular dynamics simulations of simplified CG dendrimers with
added local intrinsic stiffness controlled via an additional three-
body angular potential. We correlate the value of the bulk density
with the amount of free volume of the end-groups, investigating
whether, like for linear polymers, the value of bulk density is
related to the extra free volume of the chain ends.

Models Employed and Computational Details

We perform molecular dynamics simulations on a melt of CG
dendrimers of generation ranging from I to 5. Each of the model
dendrimers has the same number of beads between the branch
points (separator bead, see Figure 1) and are labeled as d2gn
where n is the generation number while the number “2” indicates
the connectivity of the branching beads. In Figure 1, the model
for the second (d2g2), third (d2g3), and fifth (d2g5) generation
dendrimers are depicted. Beads with different connectivity and
position in the dendrimer structure are named differently: the
end-dendron beads with one covalent bond are named MI
(colored in blue in Figure 1), separator beads with two covalent
bonds are named M2 (colored in green in Figure 1), and finally,

the branching beads with three covalent bonds are named M3
(colored in red in Figure 1).

To model the dendrimers, we employ a simplified CG model.
Beads that are covalently bonded interact through a harmonic
potential U,

Up(r) = kol = 1) 1)

where ris the distance between the centers of the beads. Beads not
directly bonded interact with a Weeks—Chandler—Anderson
potential: a truncated, shifted Lennard-Jones potential which is
purely repulsive

o) - | (2) - ()

Uwea(r) = 0,

+e  for 0 <r<re

(2)

for r = reu

To include local rigidity in the dendrimer structure, an additional
bond angle potential (U,) is applied between beads connected by
two covalent bonds

Ua(r) = k(l(ﬁ_ﬁO)Q (3)

The nonbonded WCA interactions are not calculated between the
beads interacting through the angular potential.

All the simulation results are reported in LJ reduced units
throughout this paper, where the mass m, the potential well depth
¢, and the diameter o of the bead define the unit system for the
mass, the energy, and the length, respectively. The cutoff radius
applied for the WCA interactions is r., = 2"°c. The spring
constant for the harmonic potential for the bonds is chosen as
k;,loz/ KT = 0.017 (where K is the Boltzmann constant, and 7'is
the absolute temperature) and with /, = 1o. For the models with
the added intrinsic rigidity, we distinguish two cases: one where
the equilibrium angle 9 is set equal to 109° for all angles (this model
is named model_109) and a second case where 9, is set equal to
180° for those angles with the vertex on the branching bead, and
9o = 120°for all the other angles (this model is named model_180)
(see Figure 1). Thus, the first model has an equilibrium angle typical
of the flexible aliphatic chains, while the second one resembles the
rigid structure of the conjugated polyaromatic dendrimers. In all
cases, the harmonic constant for the bending potential is chosen
as k9> /KgT = 580.

Isothermal—isobaric (NPT) MD simulations are performed
with the GROMACS molecular dynamics package.*' ~* The
temperature and pressure are set to 7= 1.25 (i.e., KgT/ ¢ =0.8)
and P = 3.75, and a time step of Az = 0.001 is used; the simu-
lations are performed for 1 million time steps on a cubic box of
216 first generation dendrimers (d2g1). Since the number of beads
increases dramatically upon increasing the dendrimer generation,
in order to facilitate the simulations for dendrimers of genera-
tions higher than 1, only 125 molecules are used. The temperature
is kept constant using the Berendsen thermostat with a coupling
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time of 0.1. To maintain a fixed pressure, the Berendsen barostat**
is employed with a coupling time of 16.605. At this temperature,
the WCA potential behaves similarly to a hard sphere system with
a diameter of 0.*° Consequently, the model dendrimers can be
considered tangent hard spheres molecules. In order to check that
the choice of the constant of the bending potential (k,) does not
affect the results, additional simulations are run with a lower
value of k, (k,%*/KgT = 290 with T = 1.25). The two set of simu-
lations produce the same results.

The initial configuration of the system is prepared by first
initializing a dendrimer in a fully extended conformation, with
the separator beads fully stretched and the branch angles at 120°.
An energy minimization run is then performed on this isolated
dendrimer, followed by a brief molecular dynamics run. The result-
ing conformation is then replicated and packed into a simple
cubic lattice in a sufficiently large cubic box (with periodic
boundary conditions) such that they do not overlap. A molecular
dynamics simulation run is then performed where the box is
slowly compressed to the required density. The simulation box
is then re-equilibrated with the full potential (U, + Ury or Uy, +
U, + Uy depending if we want to simulate either fully flexible or
rigid dendrimers, respectively) using the steepest descendent
energy minimization method until the force tolerance is less than
F* = 10; in all cases, no more than 1000 energy minimization
steps are performed.

For each dendrimer generation we run NPT simulations for
melts of both the fully flexible and rigid models.

Results

1. Single Molecule Gyration Radius. The conformation of
a dendrimer can be characterized through the calculation
of the gyration radius R, which is defined as trace of the
gyration tensor (R?)

Rus = L3 (-

i=1

rﬂ_rﬁ ) (X.,ﬁ = X, ),z (4)

where N is the number of atoms in the molecule, ', is the posi-
tion of the ith atom and r2’ is the position of the dendrimer’s
geometrical center.

R2 =1 = tr(R?) = 4,° + 2+ 2° (5)

where 1,2, 1,2, and 15> represent the characteristic lengths of
the equivalent ellipsoid which describes the dendrimer.

Figure 2 shows how the radius of gyration changes with
the number of beads (N) of the dendrimer molecules. Flexible
dendrimers follow the scaling law R, ~ N, where the scaling
exponent v = 0.330 £ 0.005 (linear f1tt1ng in Figure 2).2%4¢ It
is interesting to notice that this scaling law is followed by
flexible dendrimers irrespective of which bonding Potentlal is
used (harmonic, as in this case, or nonharmonic'®). On the
contrary, the rigid dendrimers deviate from the predicted
scaling law. These results highlight the differences between
the two rigid models used. The rigid_109 model shows same
radius of gyration as the flexible one for generations smaller
than three; for higher generations, the R, values increase
more rapidly than that predicted and become more similar to
those calculated for the rigid_180 model. The latter, instead,
possesses an R, consistently higher than the flexible model,
which cannot be fitted with the exponential scaling law. The
degree of asphericity (4) of the dendrimers can be determined
from the eigenvalues of the gyration tensor (4). Indeed, the
asphericity (A4) of an object is defined as

<(Tr2 B 3M)>

="y
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Figure 2. Radius of gyration for the flexible, rigid_109 and rigid_180
dendrimer model.

where Tr = /’{12 + 122 + /’{32 and M = /112},22 + /’{22/’{32 + 112/’{32;
A ranges from zero for spherical objects to 1 for extremely
elongated objects. We find that all the dendrimer models
stud1ed here are nearly spherical, w1th A ranging between 1 x

3 (flexible models) and 4.5 x 10~ (rigid_180 models) As
we W111 show in the following paragraphs, the main structural
difference between the models is indeed the distribution of
the monomers within the molecule, rather than their global
shape. Flexible dendrimers are characterized by a dense
distribution of the beads and reduced internal free volume.
On the contrary, the rigid models (the rigid_109 model and in
particular the rigid_180 one), due to the introduced intrinsic
stiffness, show a larger internal free volume even if they keep
a spherical symmetry in their shape. (see Figure 1).

2. Bulk Density and Free Volume. At a fixed temperature,
the bulk density (p) of a polymer melt depends on its molec-
ular weight (M,,), and according to the free-volume theory, "
its value can be written as a function of the excess chain-end
free volume (V,) as

1 2V,(T)] !
p(T, ) My

p(T, Mw) = (6)

where T is the temperature, p(7T,eo) represents the mass
density which depends only on the temperature, and V., is
the excess free volume associated with the chain-end. Thus,
the second term of eq 6 represents the dependence of the mass
density to the chain-end free volume (that in turn depends
upon the temperature) existing in addition to the regular
contribution of the last monomer. The higher is the molec-
ular weight of the polymer chain the lower is the effect of V,
since it represents a lower fraction of the entire free volume.
For polymer melts, the bulk density is expected to increase
with M, up to a specific value (different for different poly-
mers) above which p approaches the constant value p(7,e0).
Moreover, it has been shown that p and V, depend linearly
on temperature (Cohen—Turnbull preposition).*” Hence,
for linear polymers, the variables that affect the bulk density
are well established, and the Cohen—Turnbull equation
allows the predlctlon of the value of p(T,e) and V, dt dif-
ferent temperatures. Experiments*® and simulations'® have
proven that for linear polymers, the free volume theory is
always valid.

It is expected that for dendritic molecules, if the free
volume theory can be still applied in the form used for linear
polymers, a different function relates the inverse of the density
with M,,”?° (that throughout this paper means also genera-
tion when referred to dendrimers). Indeed, unlike linear
polymers, dendrimers have a number of chain-ends (7,) that
varies with My, (i.e., generation). Thus, for dendrimers, eq 6
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Figure 3. Bulk density as a function of dendrimer molecular weight.

can be rewritten as

1 +n(,(MW)VC,(T,MW) -t
p(T, ) M,

p(T, M) = (7)

where both V, and n, depend on the M,,. The fact that V,
depends on the M, is a hypothesis at this stage and must be
verified.

Figure 3 shows the density of flexible and rigid dendrimers
as a function of their molecular weight (number of mono-
mers). From the figure, it is clear that dendrimers show a
different trend of their bulk density compared with linear
polymers. For the flexible dendrimers, p is constant for gen-
erations larger than two and slightly increases moving from
generation one to generation two. It is also clear that the
intrinsic rigidity of the dendrons themselves does not affect
the value of density. The two systems with intrinsic rigidity
but different equilibrium angles (rigid_109 and rigid_180 in
the figure) are characterized by different trends in their p.
Dendrimers with an equilibrium angle equal to 109° show
densities very similar to those of the flexible dendrimers of
same generation (except a small difference for generation
two and three). On the contrary, the models with an equi-
librium angle set to 180° (only among monomers connecting
the generation, see Figure 1) show a dramatic decrease in the
bulk density for generations larger than two.

Asn.and, probably, V, of eq 7 depend on the M, the only
way to get an estimate of the excess free volume of the end
monomers (V) is then to carry out its direct calculation from
the simulations. Following ref 18, V, can be interpreted
as the extra accessible free volume associated with the end-
monomers, in addition to that generated near any other
monomers in the molecule. The accessible free volume (V)
represents the volume of the space accessible to a spherical
probe of specific radius created by rolling it over the van der
Waals molecule surface (the surface of the union of the spheri-
cal atomic surfaces defined by their van der Waals radius).
We compute V, performing a free volume analysis using the
method developed by Connolly and Richards*-" with a
probe of radius equal to the size of the monomers.

Figure 4 shows the values of the mean accessible volume
for the three different types of monomers (M1, M2, and M3)
averaged on all the monomers of the same type (V7). In the
figure, only the values obtained for the flexible and rigid
models of the d2g5 dendrimer are compared, but similar
behavior is exhibited by all the other dendrimers investigated
here. From the figure, it appears clear that there is a hier-
archical distribution of the accessible volume among monomers
of different types. The V) of the end-monomers (type M1) is
larger compared to that associated with the internal ones M2
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Figure 4. Averaged accessible volume for the three different types of
monomers (M1, M2, and M3) for the fifth generation dendrimer (d2g5).

and M3, and the latter has, in turn, a smaller V7 than M2.
Thus, unlike in polymers where the internal monomers have
an evenly distributed V7 and only the chain-end monomers,
or other few directly attached to them along the chain, show
a different (higher) V,'® in dendrimers, due to their con-
strained topology, the V7' is distributed differently between
the monomers depending upon their connectivity and posi-
tion within the dendrons. Monomers with three bonds (M3)
show the smallest V7, and their values are almost identical in
the flexible and rigid_109 models. In the rigid_180 model, the
M3 monomer has as well the smallest associated V7', but its
value is comparable with that of the M2 monomer of the
flexible and even rigid_109 dendrimer. The high V7 values
found for the rigid_180 model show that there is free volume
retained within the molecular scaffold and that this volume is
larger in this model than in the others investigated here.
These results explain the similar bulk density values obtained
for the flexible and rigid_109 models, but they do not justify
the flat distribution of the p values obtained for dendrimers
of the same type (rigid or flexible) but of different generations.
To understand this peculiar behavior, one has to remember
that in dendrimers the number of monomers increases with
the M, (i.e., generations), and 7. in eq 7 is indeed dependent
on M.

In Figure 5, the overall contribution (V') of monomers
of type m to the total access free volume of the dendrimer,
normalized by M, is reported for the different monomer
types as a function of the dendrimer generation. V' is
defined as

1 Non .
Vol My, m) = M*Z V(M i) (8)

Wi=1

where the sum runs over the N, distinct types of monomers
(m =M1, M2, or M3), M, is the molecular weight of the
dendrimer molecule, and V'(M,,.i) is the accessible free
volume of a specific monomer i of type m, whose value
depends upon the generation of the dendrimer (My). In
Figure 5, V7 is reported for all the monomer types and
not only for the end-chain ones (M 1). These results highlight
the difference between the linear polymer and the dendrimer
cases. For linear polymers the total accessible volume of the
internal monomers increases with M, (as the number of
internal monomers increase), while the value of the accessible
free volume associated with the two end-chain monomers
should not change with the degree of polymerization.'® On
the contrary here, since the number of monomer types (N,,,)
follows the order Nyv2 > Nyp > Nz, it happens that the total
accessible volume associated with the end-monomers (M1)
and that associated with the monomers with two connections
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Figure 5. Accessible volume per molecule of dendrimer calculated for the
different beads M 1 (circle), M2 (square), and M3 (diamond) of the flexible
(in red solid symbols), rigid_109 (in green open symbols), and rigid_180
(in blue shaded symbols) models. Lines are drawn to guide the eye.

(M2) have just about the same value, and, for generations
larger than three, this value becomes almost constant. More-
over, for the rlgld dendrimer with a linear spacer (rigid_180),
Vm"l(Mw, M2)is even larger than the corresponding value of
the end-monomers (i.e., V" (MW,MI) It should be noted,
however, that the deﬁnltlon of V,in eq 7 differs from that of
Vi(M1) (i.e., the accessible volume of the end-monomer M 1
of eq 8). Indeed, V, represents the extra accessible volume
associated with the chain ends in addition to that generated
near any other internal monomers. For linear polymers,
Harmandaris et al.'® noted that ¥, and V, of the chain ends
show the same trend with the temperature; thus, V, is a
qualitative reference to investigate the change of V, with the
temperature. Moreover, V, can be easily calculated from the
V, of the chain ends by subtracting the ¥V, of the internal
monomers from it.'® In the present case, it is difficult to say
if only the free volume associated with the M1 monomers
should be included in the calculation of the V, since V,, is
equally distributed between M1 and M2. In any case, from
Figure 5 it appears clear that either if V'})'(M2) is included or
notin the calculation of V,, the ratio n. (M) V (T, M)/ M, of
eq 7 (at the temperature simulated here) is almost constant
for generations higher than three in all the models investi-
gated and this justifies the constant bulk density observed.

It is interesting to notice that our computational findings
agree and rationalize experimental and simulation data avail-
able in the literature, such as the weak dependency of bulk
density and the glass transition temperature with the dendrimer
generation found for flexible dendrimers (like PAMAM or PPI)
with different end-group functionalities or the bulk density
rigid polyphenilene dendrimers.”-2*-3%-31:51

3. Interdendrimer Packing. The low free volume associated
with the internal monomers of the flexible models is due to
their well-known collapsed conformation with a pronounced
backfolding of the dendrons toward the dendrimer core.>®?
This is clear from Figure 6 where the intradendrimer radial
distribution function (RDF) for the d2g2 flexible and rigid_180
modelis reported. Indeed, even at small generations the bend
of the arms toward the dendrimer core is visible for the fully
flexible model. As can be seen from the radius of gyration,
the use of a nonharmonic potential as the FENE does not
affect the intramolecular distribution, which compares well
with previous simulation results.'® In contrast for the rigid_180
dendrimers, the presence of an extra bending potential favors
the elongation of the dendrons toward the outer part of the
molecule. However, it is worth noticing that the enhanced
local rigidity does not affect the global shape of the dendrimer
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Figure 6. Intradendrimer radial distribution function with respect to
the distance from the dendrimer core for the d2g2 flexible (upper panel)
and d2g2 rigid_180 (lower panel) model.

that (as mentioned in part 1 of this section) remains spherical
on average. In the rigid_180 models, the regular organization
of the arms (see Figure 1) leaves quite a lot empty volume
among them, making easier the interpenetration among the
dendrimers even at high generation.

The effect of the interdendrimer packing can be seen from
the total (inter and intra dendrimers) radial distribution
function (shown in Figure 7). The added stiffness of the
dendrons affects the short- -range order, as has been observed
for the case of linear polymers.>> The first peak of the RDF of
Figure 7 is indeed lower for the rigid models than for the
flexible one. The flexible dendrimer shows also a clear second
peak of lower intensity at ca. 2¢. In the rigid models, this
second peak broadens and is shifted to a higher distance.
The loss of a locally ordered structure is more evident in
the rigid_180 models than in the rigid_109 regardless the
dendrimer generation, and it is also reflected in the values of
the packing fraction ¢ = 7No /6V (where N is the total
number of monomers, and V is the total volume of the
system) that are 0.372, 0.398, and 0.40 for the rigid 180,
rigid_109, and flexible models, respectively (for generations
higher than three). As the rigid_180 model shows a well
structured intradendrimer monomer—monomer RDF (see
Figure 6 lower panel for the second generation), it is reason-
able to assume that the interactions that perturb the local
order have an interdendrimer origin. Figure 8 shows the
center of mass interdendrimer RDF calculated for selected
models. The added rigidity of the dendrons clearly favors
the interpenetration of the models. The fully flexible
models show for all the generations studied here a soft inter-
action among their core, as found in previous computational
works. >3
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Figure 8. Center of mass interdendrimer radial distribution function
for d2g5 flexible model (solid black line), d2g4 rigid_109 model (dotted
red line), and d2g3 rigid_180 model (dashed green line).

On the contrary, the rigid models, except that of the smallest
generation (not shown), are characterized by pronounced
dendrimer interpenetration, which is evident from the second
generation upward for the rigid_180 model and from the
third upward for the rigid_109 model.

Summary and Conclusions

By means of molecular dynamics simulations, we calculated
the bulk density of model dendrimers characterized by different
intrinsic rigidity and molecular weight (i.e., generation). The stiffness
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was introduced and varied in a systematic way by adding an extra
three-body harmonic potential between beads connected by two
covalent bonds.

We found that the rigidity affects the dendrimers’ radius of
gyration, which deviate from the typical scaling law R, ~ N 033
predicted for flexible models. Small generation dendrimers (smaller
than or equal to three) with not fully extended arms (rigid_109
model) show R,s similar to those observed in the flexible models
of the same generations. For generations larger than three the
stiffness of the dendrons starts to play a role and a remarkably
increase in the R, values is observed. On the contrary, the rigid
models with fully extended arms (rigid_180 models) show a radius
of gyration that increases with the model molecular weight deviat-
ing, even for small generations, from the predicted scaling law.

We observed that the dependence of the bulk density with the
dendrimer molecular weight remarkably differs from what happens
in the linear polymer case. In fact the density changes between the
first smaller dendrimer generations and then reaches a plateau
instead of following the hyperbolic function of the molecular
weight typical of linear polymers. We interpreted this peculiar
trend of the bulk density in terms of free volume. Computing
directly from the simulations the accessible free volume of the
different monomers, we showed that unlike linear polymers, in
dendrimers the accessible free volume is shared unevenly between
the monomers. Moreover, even though the end-dendron mono-
mers are characterized by a higher accessible volume compared to
the internal ones, this extra volume is compensated by the lower
number of these types of monomers, compared with the internal
ones. The final balance leads to an amount of V/, that is almost
constant changing the dendrimer generation and, in turn, to the
weak dependency of the bulk density with the dendrimer molec-
ular weight. This finding explains and is in agreement with experi-
mental and atomistic simulation data that showed a very mild
(if not absent) change in the dendrimer glass transition tempera-
ture and density with the change in the dendrimer generation.

The enhanced stiffness of the dendrons does not affect the
global shape of the model that keeps the spherical shape that
characterizes the fully flexible one. On the contrary, the dendron
rigidity changes the short-range order decreasing the local order
and the packing efficiency due to an evident dendrimer inter-
penetration that appears even at the lowest generation.
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