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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 0.4s 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 disperse PDs are of interest with respect to the controlled design

. . of shape-invariant nanoparticl&s.

Dendrimers are a special class of branched polymers char-
acterized by a multifunctional core from which relatively short ~ Several theoretical approaches are used to describe dendrim-
chains (called branches or dendrons) emanate. Each branch en€lr's, explaining at the molecular scale the macroscopically
is characterized by a specific functional group which, reacting observed properties,and most of them, not surprisingly, are
with another “monomer”, builds the new generation. The use similar to those used in polymer physics. They include the
of several chemical groups to functionalize the chain ends andfollowing: (i) analytical or continuum methods focused on
the nearly full control over the synthetic process make this class finding principles of universality, in some well-defined limit,
of macromolecules suitable for the design of novel nanostruc- that permit the general description of the system regardless of
tured materials and for several possible applicatiof$he the microscopic detail%: (i) computational methods on simpli-
perfectly branched, monodisperse structure of dendrimers makesied systems that describe dendrimer systems with a specific
them valuable model Compounds for Studying fundamental shape and t0p0|ogy but without chemical det&ﬂﬂ“) com-
electrochemicdland photophysical processeand, depending  pytational methods at the atomistic level. Of the latter type
on their chemical structure, they can be important building grownian dynamics (BD3* Monte Carlo (MC)!5 and molecular
blocks of supramolecular chemistheveral applications have  4ynamics (MDJE simulations are intensively used. The inclusion
been proposed for dendrimers, and in all cases the flexibility ot e chemical details in the simulation of dendrimer solutions
of the dendrons plays a fundamental role. The understandmgor melts costs in term of computer time because the system

of the molecular structure of.dendrlmers n sol'ut.|on or bUIk. size easily exceeds 20 000 atoms. Despite this, a considerable
represents one of the most important prerequisites for their o . : .
number of atomistic MD simulations were carried out on

controlled designed. Particular attention has to be devoted todifferent dendrimers in dilute solutions. but onlv one on the
the end group distribution within the dendrimer molecule, the h bulk stafd A ful T ¢ y "
intramolecular conformational changes and their time scale, the amorphous bulk State.A useful compromise for a computa-

intermolecular packing and the presence and accessibility of 1ona! study of dendrimers would be a coarse-grained model
intra- and inter dendrimer cavities. which reduces the degrees of freedom of the system, while

A new class of dendritic svstems. composed onlv of carbon taking into account the chemical identity. No attempt has yet
and hydrogen atoms, has bz,en reéentlypsynthe§i8y1drting been made in this direction, to the best of our knowledge. In
from polyfunctional central building blocks, a generation-by- V'e\g Cl’f th? polylmerlc n_att;re of derlld;:m_ers,Ra coa:se-gralnhedd
generation buildup of structurally defined, highly branched MOdEl, as for polymers, ISt enatgra choice. ecgpty,amet °
polyphenylene dendrimers (PDs) has become possiiienong to adjust coarse-grained force fields to a specific system on

other uses, these dendrimers are employed as precursors in thé2rious length scales has been developed. These mesoscale
synthesis of well-defined polycyclic aromatic hydrocarbons Models have been applied to a large variety polymers with very
(PAHSs), from which more complex supramolecular structures, 9ood results® They reproduce very well the structural properties
such as liquid crystals, can be obtaifédue to their semirigid ~ Of the melt; moreover, a suitable back-mapping procedure
framework and very dense intramolecular packing, the mono- permits to reintroduce the atomistic details into the model, in
order to obtain relaxed melts of high molecular weight
. . . . polymers!®21 Using such a method, long time molecular
Corresponding author. E-mail: p.carbone@theo.chemie.tu-darmstadt.de. . . . . .
t Technische UniversitaDarmstadt. dynamics simulations on dilute solutions and amorphous bulks
* Dipartimento di Chimica “G. Ciamician”, Universitdi Bologna. of high-generation dendrimers should be feasible.
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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.

Recently, molecular mechanics and molecular dynamics dimension, compared to typical coarse-graining schemes for
calculations have been reported to study the nature of stablelinear polymers. In Figure 1, a schematic representation of the
conformers and the shape persistence of monodisperse PDsnapping scheme is depicted. As the only relevant degrees of
based on different coréd:24 In particular extended molecular ~ freedom involve the bonds connecting the tetrasubstituted phenyl
dynamics (MD) investigations studied the shape persistence ofrings, the natural choice is to define a bead, which contains the
isolated polyphenylene dendrimers of first (G1) and second (G2) entire repeat unit, placed at the center of mass. In this way,
generation with a planar core formed by a 1,3,5-trisubstituted only one type of bead (called A) is necessary to build the model
benzene ring (Figure 1). These allowed us to make a generalfor the G1 dendrimers, while for the G2 two bead types (the
classification of the conformations assumed by the three inner one is again of type A and the outer one is called B) are
dendrimer branches with respect to the planar ébiEhese used. To develop the force field for the coarse-grained model,
studies found a direct correlation among the dendrimer core we follow the procedure detailed in previous papé&.Here,
conformations and the global shape of the dendrimers, andwe only summarize the main steps. From the atomistic simula-
proved that, depending on the temperature, the G2 dendrimergions of G2 PDs the probability distributions of the two types
oscillate between two global shape statepenandcollapsed of bond (A—A and A—B) and of the three different types of
The MD simulations show that at 80 K G1 and G2 dendrimers angles (A~A—A, B—A—B, and B-A—A) are obtained, and
conserve their initial shape for several nanoseconds, while, atsubsequently fitted with a suitable number of Gaussian functions
room temperature for the G2, a reversible oscillation among (see Figure 2). The bond and angle distributions are then
two states occurs. The presence of this “switching” and a Boltzmann-inverted to give the coarse-grained potential energy
structural characterization of higher generation of PDs in the functions for these interactioA%In Tables 1 and 2, the Gaussian
melt phase can be conveniently studied via coarse-grainedparameters for bond and angle types are reported. Moving from
simulations. the second generation to higher generations the number of bond

In this paper, we develop a coarse-grained model for PDs in types becomes three (A, A—B, and B-B) and a further angle
the melt phase. The coarse-grained force field is built up starting type (B—B—B) is needed.
from atomistic simulations (employing the same force field of ~ Because of the comparable chemical structure of the beads
ref 24) of a bulk system of G2 PDs so that it implicitly takes A and B and to the high symmetry of the coarse-grained
into account the chemical details of the system. We show the structure, we use for the new bonds{B) the same parameters
results of several coarse-grained molecular dynamics (CG-MD) as for the A-B stretching and for the angle-83—B the
simulations of melts of PDs from generation 2 until generation parameters BA—B. As in other cases, torsional interactions
4 (G4), performed for times longer than Quk. Particular have been omitted, while the nonbonded interactions have been
attention is paid to the analysis of the conformation and general parametrized using iterative Boltzmann inversion starting from
shape of individual molecules in the bulk environment compared the atomistic radial distribution functions. The G2 dendrimers
with the results found for the isolated molecule and with the present three (AA, A—B, and B-B) types of nonbonded

available experimental data. interactions. The potentials of mean force(r)) for these

interactions have been obtained by Boltzmann inverting the
2. Coarse-Grained Model and Mesoscopic Force Field corresponding target radial distribution functions from atomistic
Development simulations (RDEyge).

The rigidity of the system and the approximate sphericity of
the subunits allow us to collect the atoms in beads of quite large F(r) = —kgTIn RDFtarge(r)
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Figure 2. Histogram of A-A and A—B bond lengths (top part), and bending anglesB-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) =
S AWV ml2 exp(=2(r — 1)2wi?d)

G2
bond type n i A 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(@) =
YLy Ailwi /2 exp(—2(0 — 0;)Awi?)

G2

angle type n i A w; [deg] 6; [deq]
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 0.68 195 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 0.46 195 158.8

5 0.12 13.7 121.3

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

This mapping scheme leads to beads of large radi@s66
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 ond § 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 termAV(r) = A(1 — r/reuor) to the attractive long
range part o¥/i(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 AA 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

These free energies cannot be used directly as potentials becaus@'—fect”)_ Moreover, the A-A nonbonded potentia| Coming from
they already contain the cooperative many-body effects arising the corresponding inverted RDF, is purely repulsive, so that
from the packing of particles in material. However, they can the beads repel each others. The resulting coarse-grained RDF

be used as initial guess¥g(r) in an iteration process, which
modifies the potential of mean force to obtain the effective

nonbonded potentials.

Viia(r) = Vi(r) + kgT In

RDF (1)

RDFtarge(r)

A—Ais actually dominated to a large extent by-B and B-B
interactions, rather than-AA interactions. As a result it lies
always below the target RDF within the cutoff radius1(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).

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

3. Computational Details
MD Atomistic Simulations. The atomistic MD simulations are

temperature and density conditions (for the details, see thecarried out on the bulk of second generation PDs. The rigidity of
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Figure 3. Radial distribution functions of second-generation dendrimer
(intermolecular part only). Continuous lines: atomistic RDFs for the
three different pair interactions (AA, A—B, and B-B). Empty
circles: RDFs obtained from the last iteration of the Boltzmann
inversion scheme.

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 gfcto avoid the

Polyphenylene Dendrimers7047

Table 3. Details of the Systems under Investigation

density [g/cnd]
no.of no. of CG sim
generation atoms beads length[ns] atomistic CG
G2 462 9 100 0.89 0.92..00
G3 1062 21 100 - 1.20
G4 2162 45 100 - 1.6

2 Density obtained from NPT simulations performed on eight PDs.
b Density obtained from the production runs with 216 PDs.

orthorhombic periodic boundary conditions; the simulations are
performed using the GMQ_num code, a version of the GMQ
packagé?® able to handle numerical potential. The density achieved
during the optimization is 0.92 g/céinin 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 fur.

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/crhrespectively.

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 FldRt
is known that the density of a bulk of linear polymer chains
depends on the number of monomers per chain and this

overlaps between the atoms. After that, a minimization and dependence is caused by the extra free volume of the chain ends.
subsequently a sequence of NVT simulations (300 ps each) are|n particular the density increases with polymer chain length

applied to relax the system and, reducing gradually the volume,

until a density of~1 g/cn? 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.

(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

A coupling Berendsen thermostat and barostat with respective Properties of melts of unentangled linear chéthas far as we

coupling timeszr = 0.1 ps (the same was used in the NVT
equilibration runs) andr = 2.0 ps are used to keep the temperature

know, no similar systematic analysis has been performed on
dendrimer melts. Here the number of the end-monomer increases

and the pressure close to the desired values. For the pressure thigith the generation and the relation for the linear chain is not
value is latm, the temperature is fixed at 323 K. The time step valid. There can be several reasons for the generation depen-
used is 1 fs and the production runs are 8 ns long; the van dergence of the density in dendrimers melts: (i) the effect of the

Waals interactions are truncated beyond 1.2 nm. All the simulations

are carried out with the TINKER softwafeusing the MM3
empirical potential which is particularly well suited to describe
conjugated systems owing to its explicit description of the
m-systen?’ The final density is 0.89 g/cfn

Coarse-Grained MD Simulation. The coarse-grained force field

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

is developed and optimized on a system of eight coarse-grainedflexibility of the dendrimer branch. The extra free volume per
G2 dendrimers. The molecules are put in a simulation box with chain end, responsible for the increase of the density in linear
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I—— AT functionalized and unfuctionalized, reported by Tande etal.,

I a) /; o it _is clear that the tr(_and of the density val_ue is not easy to p_re_o!ict.
0.8~ ) —oammll Since the change in density as a function of branch flexibility
= g e 02mml] and generation is fundamental for understanding the bulk

Z06- v J == 0.4nmj . . . . .
Z s properties of dendrimers, a more systematically analysis will
é 0 4; /s / | be carried out in future studies. All following results correspond
A /7 ’ to simulations carried out on 216 molecules, unless noted
02k / / _/‘ ] otherwise.
I // / Beyond the molecular rigidity another interesting behavior
0lecandmadns® L of PDs is their ability to self-assemble. Experiments on PDs
05 10 Dist;fce [nmz]io 2530 deposited on graphite shows that the PDs spontaneously form
a monolayer on the basal plane. Moreover, complex supramo-
T — lecular structures, such as rods or two-dimensional crystals, were
b) imaged with atomic force microscogy.The self-assembly
0.8 —oimmll behavior is induced by the graphite surface. In this contribution,
. :8-‘21 nm we want to investigate, by the inspection of the order tensor
2061 — and the orientational autocorrelation function, if also in the three-
-‘-504_ | dimensional bulk the peculiar chemical structure of the PDs
T induces any order. In this way, we also monitor the efficiency
02k | of the coarse-grained model in the global relaxation of the
dendrimers.
Olaw P T T B The order tensor is defined as
0 05 1.0 15 20 25 30 35 40
Distance [nm] 3 N 1 D
I : : /d?;?" an S Z&Zu'@)u' 3|
0g © /) — . _—
s ;8.%224 where the unit vectou; denotes the direction of the molecule
Zo6- e 0.4 nm| i, and it is the eigenvector corresponding to the smallest
3 A ] eigenvalue of the inertia tensor of the same molecule the
Loar /: " | formulal is the unit tensor andll is the number of molecules
o - in the simulation box. The average is computed over the all
0.2 // _-“'.. . molecules and the angle brackets denote the average over the
~ ) ‘_i' trajectory. The largest eigenvalue of the order tensor is called
0 i - | 1 1

e 1520 25 30 35 40 45 5.0 the order parameter and it indicates if the molecules are

Distance [nm] oriented along the same direction=1) or not ¢ = 0). For all
Figure 4. Free volume calculation inside the polyphenylene dendrimer 9€nerations, we obtain a value ofaround zero showing that
scaffold for different probe dimensions. The three plots correspond to there is no favorite orientation of the molecules in the box.
different dendrimer generation: (a) second-generation, (b) third-  To check the global relaxation of the dendrimers we calculate
generation, and (c) fourth-generation. the orientation correlation function, defined as

polymer, can be drastically reduced when the branches are so 1 )

flexible that the monomer ends lie inside the dendrimer scaffold P(t) = > Blv(t)-v(0)]" — 10

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 wherev is the unit vector connecting the dendrimer center of

chain ends reside outside the molecule. On the basis of thismass and one of the end beads, and the average is over the

assumption, we expect that the density decreases with thetrajectory and the molecules.

generation. In contrast, we have an increase between G2 and In Figure 5, the Pcalculated for one G4 PD molecule (the

G3 and a slightly decrease when we move to G4. This finding slowest system) is depicted: the function goes to zero within

favors the second or the third hypothesis cited above. To check15 ns, showing the perfect relaxation of the system. The curve

the internal free volume of the coarse-grained dendrimers, we can be fitted to the stretched exponential (Kohlrauseéhl-

use the random particle insertion method with probes of different liams—Watts) functional form (Figure 5):

size. Figure 4 shows the internal free volume (expressed as a

probability of finding free volume for a probe randomly placed P,(t) = exp(—(t/rKWV\)ﬁ)

within the dendrimer normalized with respect to the total number

of insertions) as a function of the distance from the dendrimer  The corresponding relaxation timeis the integral of the

center of mass. exponential function. We find ~ 840 ps. This shows that,
From Figure 4, it is clear that the free volume captured inside orientationally, the molecules are relaxed in the 100 ns simula-

the dendrimer has the same trend for all generations. Becausdion time. This would have been impossible to achieve with an

of the stiffness of the PD scaffold, the free volume increases atomistic model.

from the core to the end monomers almost monotonically. These Single Molecule Characterization: Gyration Tensor and

results bring us to think that the reason for the density trend Shape Anisotropy.In a previous publicatiof! we analyzed

with the PD generation lies in the intermolecular packing, but in detail the three-dimensional structure of isolated G1 and G2

further investigations are needed to clarify this behavior. PDs focusing on the dynamical evolution of the conformations
There are no experimental values for the bulk density of PDs assumed by the core of the dendrimer and the associated

but, looking at the experimental values for poly(propylenimine) dendrimer global shape. This analysis was mainly carried out
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1 " T from PDs in vacuum, or the simulation time window (8 ns) is

§ — OCF 1 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
02r 7 to follow the conformational changes by monitoring the

- 1 eigenvalued; and to visualize the two typical shapes; however,
0 : Lud there is, of course, no information about the dendrimer core

5 10 1520 .
Time [ns] conformations.

Figure 5. Orientational autocorrelation function (OCF) @ee text) Figure 6 (top part) shows the time evolution of the lardest
of a individual polyphenylene dendrimer of generation fourth averaged for G2 along 7 ns of the trajectory with the corresponding 3D
over all 216 molecules (solid line) and its fitting to the Kohlrausch  pictures of theopenandcollapsedstructures. The main signature
Williams—Watts equation (dot line). of these structures is the ratio among the fwand the bottom
part of Figure 6 shows its distribution. The distribution can be
by the calculation of the second moment of the atomic fitted using two Gaussian functions center in 0.3 and 0.4. In
distribution (the gyration tensor) which is defined as (assuming this case it is hard to say that the distribution is bimodal (as it
uniform masses) will be evident for the higher generations). This is due to the
approximation that the CG model, using spherical beads, makes
5 i Mer i M in describing the dendrimer shape (see Table 4 third and fourth
Ros :N (rg =T Nrg —r157) of=xYy,z columns), which results more discoid,(and A3 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-

08

0.6

I
=9

04+ T

N

whereN is the number of atoms in the PB, is the position of
the ith atom andr" is the position of the dendrimer's
geometrical center. The eigenvalues of the gyration terdsar (

5 o )
22, andig?) represent the characteristic lengths of the equivalent ated with respect to the corresponding atomistic sy&fine

ellipsoid with which the dendrimer is described. reason lies in the nature of the coarse-grained force field:
The characteristic lengths can be combined to give several. 9 :

parameters describing the distribution of the particles: the most Inversion of the RDF leads to a softer repulsmn anda s_m_oother
used is the squared radius of gyratig? which is defined as potentlal between the begds than described by the atomistic force
the trace of the tensor field. The faster dynamics can be a problem when the study
' concerns dynamic properties like the viscosity or the self-
R92= [ = tr(RZ) =224 2242 diffusion coefficient, but in the present case the speed up of
! ! 2 s the intermolecular motion helps only to observe an internal

Another important parameter is the relative shape anisotropy conformational changes that otherwise could not be observed.

K2 defined as A similar transition is observed also in dendrimers of higher
generations. Figure 7 (top part) shows the time evolution for
3l, the 4; of G3 dendrimers.
K= 1_|_2 In this case, oscillations in thé; values are found to
1 correspond again to thapericollapsedswitching. As expected,

the oscillation is slower than in G2. The switching is also
reflected by the distribution of thé,/A3 ratio (see Figure 7
l,= 112%22 + 122%32 + 132%12 bottom part). In this case, the distribution is clearly bimodal.
Figure 8 shows the jumps among the two conformations for
The value ofk? ranges between 0 and 1. A linear array of the G4: the different global shape is so well-defined because
atoms (i.e., a rigid-rod molecule), for example, is characterized the oscillating period is longer than in the previuos cases. The
by k’=1; for a homogeneously filled polygok? = Y; for AolA3 distribution shows clearly that the distribution is bimodal.
structures with tetrahedral or high 3-d symmet3s0. These results show that, even thought, the CG force field
In previous atomistic MD simulatior?$,we observed that  has been devolped from an atomistic simulation that allowed
isolated G2 PDs showed an interesting switching among two the dendrimers to sample one of global conformational state
well-defined global conformations, and, looking at the time and a deformation of it, the CG simulations show the switching
evolution of the characteristic lengths)( we were able to ~ between the two global states identifiedogenandcollapsed
follow this transition. Moreover the change in shape could be This behavior can be explained considering that the global state
visualized and related to the core conformation of the dendrim- sampled during the CG simulationspen) is a transition state
ers. Atomistic simulations of bulk systems did not show any of among the two dollapsedand distorted found during the
these shape changes and, apart from small geometrical changegtomistic simulation. The CG potential is enough soft to allow
the initial conformations were maintained during the entire the molecule to switch between the three conformations (see
simulation length (the coarse-grained force field used in this Figure 9).
paper has been developed starting from the distributions obtained To better relate the CG simulations presented in this paper
from these atomistic simulations). This observation can be to the previous atomistic simulations carried out on the isolated
explained in two ways: PDs in the bulk state behave differently dendrimers, we compare the eigenvaldesbtained from the

wherel, is the second invariant d®? defined as
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Figure 6. Top: Time evolution of the largest eigenvalues of the gyration tensor for one individual polyphenylene dendrimer of second generation.
The two 3D structuresopenandcollapsed corresponding to the different area of the plot, are also reported. Bottom: Distribution/ofAheatio
(solid line) and corresponding Gaussian distributions fitting the curve (dotted line).

Table 4. Characteristic Lengthsis, 42, and 43 from Atomistic (in Vacuum), Pseudo-CG (Vacuum), and CG (Melt) Simulations of Polyphenylene
Dendrimers of Different Generations

generation 210 2.0 As0 ®20
At-G2 3.7+ 04 7.3+ 0.7 9.0+ 04 0.173+5.0x 102
pseudo-CG-G2 2403 6.0+ 0.6 7.4+ 0.3 0.2164+ 4.7 x 1072
G2 2.1+ 05 6.1+ 0.6 7.7£04 0.228+ 5.0 x 1072
G3 4.3+ 0.8 9.2+ 0.9 11.8+ 0.7 0.1964+ 5.8 x 1072
G4 6.6+ 1.1 12.3+1.2 155+ 1.0 0.163+5.1x 1072

atomistic G2 to the ones corresponding to the coarse-grainedamong thel; of the CG and the pseudo-CG models shows that
model. It is worth noting that the atomistic bulk simulations the values are comparable within their errors.

and the simulations carried on in vacuum give almost the same Inspection of the last column of Table 4 shows that the
eigenvalues. The following comparison is made with the isolated anisotropy factofk?[ldecreases from G2 to G4: for the second
dendrimer only because in this case the molecular switching generatiorik?Cis equal to about 0.23, but for higher generation
occurs, and the eigenvalues are the averages of the twoit decreases to a value of 0.163. These trend can be compared
conformersopen and collapsed Then using the atomistic  with the shape anisotropy factor calculated by Zacharopoulos
trajectory, we calculate the center of mass of each beadet all’” for a melt of poly(propyleneimine) dendrimers. They
following the coarse-graining scheme used in this paper. In this found ak? of 0.22 for the second generation and a value of
way we obtain a “coarse-grained” trajectory derived from the around 0.10 for the fifth generation, showing a remarkable
atomistic one (we called this model pseudo-CG). On the pseudo-decrease with the generations. The authors found, by inspection
CG trajectory we calculate the eigenvaldeand the anisotropy ~ of several geometrical parameters, that to this chang? in
factor. The shape and mass distribution of the atomistic corresponds a change in the distribution of the monomers toward
dendrimer is of course different from the coarse-grained model a more globular rearrangement. For our rigid dendrimers, this
describing the dendrimer with only nine spheres. The atomistic kind of globular rearrangement does not occur and the structure,
eigenvalues, indeed, are slightly lager than the pseudo-CG onesin spite of a small decrease ki, preserves the shape more or
but they have similar ratios. This inaccuracy in describing the less when the generation increases.

real shape of the molecule is also evident comparing the Single Molecule Characterization: Hydrodynamic Radius,
averaged anisotropy factok?Clof the two models (0.225 and  Structure Factors, and Comparison with Experimental
0.173 respectively) (Table 4). In contrast, a direct comparison Results. Small-angle neutron scattering experiments (SANS)
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Figure 7. Top: Time evolution of the largest eigenvalues of the gyration tensor for one individual polyphenylene dendrimer of third generation.
The two 3D structuresopenandcollapsed corresponding to the different area of the plot, are also reported. Bottom: Distribution/ofAheatio
(solid line) and corresponding Gaussian distributions fitting the curve (dotted line).

are a suitable analytical method to obtain information on the discussed in detail in ref 23, and this can account for part of
internal structure and overall shape of dendrimers, such as thethe discrepancy between computed and observed values. We
hydrodynamic radiusRy), Ry, and the radial density profile by  cannot rule out, however, a second contribution to the discrep-
means of the scattering structure factordt is possible to  ancy from the underestimation which our coarse-grained model
calculate theR from the simulations, defined as the harmonic  makes describing the atomistic structure (as explained above

mean of the interatomic distances when we compared the atomistic and the pseudoAJGTo
find an approximate scale factor, which corrects the underes-
1 1 1 S .
— = — timation by the coarse-grained model, we also calcuRgtior
Ry NP5 R the atomistic model of G2 (1.22 nm), leading to a scaling factor

) ] ) atomistic/coarse-grained dimension of about 1.13. It is worth
whereN is the total number of atoms arigj is the distance  noting that this scaling factor takes into account only the

between atomsandj belonging to the same molecule, and the nqerestimation of the coarse-grained model and it was not
sum is averaged over the MD trajectory. Moreover, the static ¢osen to account for the effect of the dendrimer’s core. Indeed,
structure factoiS(q) defined as it is known that different dendrimer cores can lead to a different

1 N N sin@R) dendrons spatial rearrangement. For instance, Pricl and co-
Q) =— _v worker#? found that, for isolated dendrimers the evolution of
NeE & dR the structure is intimately related to the dynamics of the core.
Despite that they found that the dendrimer core effect on the
can be easily calculated from the MD trajectories, too. gyration radius value is evident for small generations in the case
In Table 5 (second and third columns), the calculd®gend of biphenyl core (0.95 nm for the trisubstituted-phenyl-core vs

Ry are reported for all generations. The available experimental 1. 05 nm for the bipheny! core, both second generation den-
values are reported in the last two columns. For G2 and G3 the grimers) and unimportant for the third generation (1.38 nm for

correspondingR have been measured using the dynamics light pqih cores). In contrast, the discrepancy is more evident in the
scattering on dendrimers with the identical repeat unit, but based ,5e of tetra phenyl methane core, for which they found a value
on tetra phenyl _methane core instead of a singl_e trisubstituted ¢ 1 35 nm for the second generation and 1.78 nm for the third
pheny core, as in our PD8 For G4, SANS experiments have one. We notice, however, that the dendrimer structures found

been conducted on the fourth generation PDs with a biphenyl . .
core (4G-biph}53% The extrapolation in the SANS profile to :2 trZ? ggesent study are remarkably different from those found

infinite contrast for 4G leads to an experimerfglof 2.6 nm.
All computed values are smaller than the experimental ones. The fourth and fifth columns of Table 5 repd®;, and R4
Clearly the chemical nature of the core makes a difference, asvalues calculated from the CG trajectories and corrected with
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Figure 8. Top: Time evolution of the largest eigenvalues of the gyration tensor for one individual polyphenylene dendrimer of fourth generation.
The two 3D structuresopenandcollapsed corresponding to the different area of the plot, are also reported. Bottom: Distribution/ofAheatio
(solid line) and corresponding Gaussian distributions fitting the curve (dotted line).

COARSE GRAINED
SIMULATION

—

COARSE GRAINED
SIMULATION

e—

: distorted
collapsed OREn istorte

I I

ATOMISTIC SIMULATION

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.

the factor described above; these numbers compare well to theand for an ellipsoid with the characteristic lengths of G4. At

experimental values. small g the overlap among the CG and ellipsdi) is very
Figure 10 shows the structure factor profile for single well (Figure 10 bottom part).

dendrimer molecules of different generations. For clarity we  The location of the end groups within the dendrimer scaffold

normalize the plots by the dendrimers’ number of beads. All is one of the most important properties for the application of

generations have a similar behavior. Moreover, we calculate dendrimers. PDs are characterized by a stiff structure, which

S(q) for a sphere of radius 2.6 nm (equal to tRgof G4 PD) should prevent the terminal group from folding back into the
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Table 5. Gyration Radius (Ry) and Hydrodynamic Radius (Ry) for

PDs of Different Generation B.
theor corrected expt Bs
theor theor Ry Ry Rq Ry
generation Ry [nm] Rq[nm]  [nm] [nm]  [nm]°  [nm]2
G2 1.08+ 0.3 1.33 1.2 15 15
G3 1.62+ 0.6 171 1.8 1.9 22

G4 2.09+ 0.8 2.16 2.4 2.4 2%
aReference 29 Reference 36.
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Figure 10. Top: structure facto§(q), normalized with respect to the 1= a
dendrimer number of beads, for different dendrimer generations. The ey
dotted and dashed lines are relative to the spherical and ellipsoidal L L ! i
model respectively. Below: details of the low wave vector region of i P \
the plot, showing the good overlap among the fourth generation and 0 . U N WY ! . Ly
the ellipsoid curve. 0 0.5 1.0 1.5 20 2.5 3.0

Distance [nm]
interior of the molecule. The spatial arrangement of the dendrons

can be evaluated by the calculation of the intra-dendrimer radial nyjene dendrimer of third (top) and fourth generation (bottom).

distribution fun§t|on (|.nj[ra-RDF). ) ) end beads is at a distance beyond 2.4 nm. We conclude that
A more detailed vision of the stiffness of the dendrimer gi5q for the G4 the backfolding is insignificant.

branch can be obtaining looking at relative position of the beads |, vef 36. a numerical model is used to fit the experimental

within the dendron itself. In Figure 11, we show the intra- gaNS results of the fourth generation PDs with a biphenyl core
dendron RDFs for G3 and G4. To make the plot clear we label (G4-piph) and from this it has been possible to calculate the
the bead A, B, B3, and B, depending on which generation they  ayerage radial bead densiifr), defined as the number of beads
belong to (see the schematic dendrimer representation of Figureynose center of mass is located within the spherical shell of
11), and we plot only the intra-dendron-RDF corresponding to radiys r and thicknessAr from the center of mass of the
the pairs A-B,, A—Bs, and A—B, (the last, of course, only  gendrimer. This model treats each repeat unit as a sphere, as
exists for the fourth generation). we did in our coarse-grained description, and it fits the
The first peak of each graph represents the bond distanceexperimental profile. In Figure 12, we repaqstr) calculated
between bead of type A and beads of type B directly connectedusing this numerical model and our CG simulation for the G4
(B2). The G3 model (top part of Figure 11) does not show any PD. The agreement between the curves is good: in both cases
back-folding: the probability of finding a bead belonging to the peaks corresponding to the different generation shell are
the third generation in the second generation “shell” is zero (i.e., clearly separated and lie at the same distanderm the
there is no overlap between the first peaks at ca. 0.8 nm anddendrimer center of mass, within a small discrepancy due to
the first peak corresponding to the and groups that lies at 1.2the different dendrimer cores. In Figure we draw differently
nm). For the G4 dendrimer (bottom part of Figure 11), there is the p(r) corresponding to the end-beads. In this way the
a small probability to find end beads even at distances smallerdistribution of the end groups inside the dendrimer can be better
than 0.9 nm. This probability is small and the majority of the compared. Using the numerical model, no overlaps occur

Figure 11. Intramolecular radial distribution functions for polyphe-
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4 " 1 : 1 : I — dynamics artificially. However, we found that the bigger
= tvatl generations have lower switching rates.

; — Sim A.B2B3 Finally, the detailed analysis of the intra-dendron-RDFs and
3r = SmB4 1 of p(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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