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ABSTRACT: The structure and dynamics of poly(amido amide) (PAMAM) dendrimers have been of great
interest both scientifically and industrially, but such important features as the distributions of atoms,
channels, and strain inside these molecules remain unresolved. This paper reports results from systematic
investigations of the atomistic structure of ethylenediamine (EDA) cored PAMAM dendrimer up through
the 11th generation (294 852 atoms), at which point the strain energy has risen to a point that limits
uniform growth of additional layers. Here we report, as a function of generation, structural properties
such as radius of gyration, shape tensor, asphericity, fractal dimension, monomer density distribution,
solvent accessible surface area, molecular volume, and end group distribution functions, all evaluated
from extensive molecular dynamics (MD) at 300 K. We find that the radius of gyration scales as Rq ~
N3 over the entire range of generations, suggesting rather uniform space filling for all generations.
Contrary to common expectation, we find that the outer subgenerations penetrate substantially into the
interior of the dendrimer, even for G11. Consequently, the terminal amine groups are distributed
throughout the interior, not just on the periphery of the dendrimer. However for G6 through G11 there
is a large region of uniform density, supporting the uniform scattering model often used in interpreting
the SANS (small-angle neutron scattering) and SAXS (small-angle X-ray scattering) data, which lead to
sizes in excellent agreement with the calculations. The calculated single particle form factor approaches
that of a sphere as the generation number increases. For the larger generations, we found that the use
of continuous configuration biased Monte Carlo (CCBB MC) was essential to construct initial configurations

that lead to lower final strain energies.

1. Introduction

Dendritic polymers or dendrimers are synthesized
using a stepwise repetitive reaction sequence that
guarantees a very highly monodisperse polymer,! with
a nearly perfect hyperbranched topology radiating from
a central core and grown generation by generation. The
synthetic procedures developed for dendrimer prepara-
tion permit nearly complete control over the critical
molecular design parameters, such as size, shape,
surface/interior chemistry, flexibility, and topology.
Synthetic techniques proved effective in generating
macromolecules with a unique combination of properties
include the Starburst divergent strategy,2~* the con-
vergent growth strategy,>—8 and the self-assembly strat-
egy.®

The atomistic characterization of dendrimer structure
has lagged behind this rapid progress in synthesis and
design.! The problem is that these molecules possess
an enormous number of energetically permissible con-
formations, and in solution, there is rapid interchange
between them. Thus, diffraction techniques yield little
structural information. Also many generations involve
the same monomers, making it difficult to extract
precise information about the local structure from
infrared or NMR experiments. Thus, the first precise
experimental data about the gross size came from size
exclusion chromatography (SEC), which is now being
complemented with small-angle neutron scattering
(SANS) and small-angle X-ray scattering (SAXS) to
determine the gross size and some structural details of
dendrimers.10-12
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The structural aspects of dendrimers became a lively
area of research interest at the Winter Polymer Gordon
Conference in 1983 at which D. Tomalia first described
the synthesis of PAMAM dendrimers. This led to the
paper describing the dendrimer surface-congestion prop-
erty now referred to as the de Gennes dense packing
phenomenon.!2 This was followed by the first molecular
level modeling studies by Goddard and co-workers®4
of the structural properties of NH3-cored poly(amidoam-
ine) (PAMAM) dendrimers (up to generation 6) and
polyether dendrimers (up to the self-limiting generation
4).

PAMAM dendrimers have led to applications ranging
from drug delivery to molecular encapsulation and gene
therapy, from building blocks for nanostructures to
micelle mimics as decontaminating agents.!® For these
materials to be of maximum use for such diverse
application, it is essential to obtain a comprehensive
understanding of their structure and dynamics. Proper-
ties such as the shape and size of the dendrimers as a
function of generation, solvent accessible surface area,
monomer distribution, and distribution of terminal
groups are all critical for some applications of dendrim-
ers. Since the early modeling studies,»1416 a number of
theoretical and computer simulation studies have been
reported on structural properties of dendrimer under
various conditions.1”~27 However, many studies have
focused on simple bead models of dendrimers to obtain
gualitative features, or the molecular level simulations
have been performed only for the lower generations.
These studies have provided increased insight into some
structural and dynamical properties of dendrimer sys-
tems, but there remain controversies regarding the
distribution of the terminal end groups within the
dendrimers and their location on the periphery of the
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Figure 1. (a) Chemical structure of the EDA-cored PAMAM
dendrimer for generation 0 and (b) the repeat unit. The partial
charges on each atom are also displayed. Here, the blue atoms
are nitrogen, the red atoms are oxygen, the white atoms are
hydrogen and the gray atoms are carbon.

Table 1. Number of Atoms, and Terminal Nitrogen for
Fully Atomistic Model of PAMAM Dendrimer for GO to

Gl1
no. of terminal no.of  terminal
generation atoms nitrogens generation atoms nitrogens
0 84 4 6 9156 256
1 228 8 7 18 372 512
2 516 16 8 36 804 1024
3 1092 32 9 73 668 2048
4 2244 64 10 147 396 4096
5 4548 128 11 294 852 8192

molecule. Furthermore, neither the atomistic level nor
the bead-model simulations have yet investigated the
limiting generation issue, which was first raised by de
Gennes.

To provide a detailed and consistent understanding
of the structures and properties of PAMAM polymers
from generation O to generation 11, we carried out a
systematic series of fully atomistic simulation on all
generations up to the limiting generation, which we find
to be G11. The calculations are all based on the
ethylenediamine (EDA) core and the PAMAM monomer
shown in Figure 1.

To reliably resolve such issues requires application
of a fully atomistic description of dendrimers. Because
of the geometric growth in the number of monomers (or
number of atoms) with generation number (Table 1),
leading to 294 852 atoms for G11, and because of the
topological constraints imposed by the core and mono-
mer functionality (number of branch points), it is
essential to construct the three-dimensional structures
systematically so that comparisons can be made be-
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tween various generations. Because of the topologically
constrained nature of the dendrimers for higher genera-
tions, neither molecular dynamics (MD) nor Monte
Carlo (MC) techniques suffice to explore the configura-
tional space far from the initial structures. Conse-
quently, we used the continuous configurational Boltz-
mann biased (CCBB) direct Monte Carlo (MC) method?32°
to construct fully atomistic, energetically permissible,
and highly probable initial configurations for different
generations of PAMAM dendrimers. After constructing
these initial configurations with MC, we employ MD
simulations first to anneal the structures and then to
collect the equilibrium data at the constant temperature
conditions to extract the properties of these dendrimers.

Essentially all experiments on the structures and
properties of PAMAM dendrimers have been for solution
phase, usually aqueous. However, the exponential growth
in the number of monomers with the generation number
makes the study the structure and dynamics of all
structures up to the self-limiting point (G11 with
~300 000 atoms) a formidable task even for the gas
phase. Indeed such studies of the structure and dynam-
ics of PAMAM dendrimer up to the limiting generation
have not been reported previously either in the gas
phase or in the presence of solvent. Thus, since our goal
in this paper is to characterize the properties for
generations up to the limiting growth size, we consider
only the gas phase in the present study. The properties
obtained here for the gas phase should mimic the
behavior of the system in the presence of poor solvent,
providing valuable information about the behavior of
PAMAM systems in such solvents. The current results
will be compared to similar simulations of these system
in aqueous solution in a future publication,3° albeit for
up to G6, much smaller than the self-limiting genera-
tion. The current gas phase results will provide the basis
for systematically extracting the effect of solvent on the
structure and dynamics of PAMAM dendrimers. In
addition we are using these fully atomistic studies to
provide the basis for deriving the effective interaction
parameters for coarse-grained descriptions of PAMAM
dendrimers, which will dramatically reduce the number
of degrees of freedom in the system allowing the study
of structure and dynamics over longer time scale. Our
preliminary results 3! on such a coarse-grained model
shows excellent agreement with this fully atomistic
simulation results up to the limiting generations.

2. Model Systems Constructions and Method
Used in Simulations

We generated the initial 3-dimensional structures of
PAMAM dendrimers up to generation 11 using the
CCBB MC method.?%2° These CCBB generated struc-
tures were subsequently subjected to conjugate gradient
minimization (to an RMS force of 0.1 (kcal/mol)/A) to
further improve the starting configurations. We further
annealed these minimized structures using NVT MD
(Nose-Hoover thermostat with damping constant of 0.1
ps) at a variety of temperatures and finally cooled to
300 K to obtain the initial equilibrated configurations.
These MD simulations used a time step of 0.001 ps and
the anneal cycle was typically as follows. The initial
minimized structure was heated at a rate of 100 K/4 ps
from 300 to 2000 K, followed by quenching to 1000 K
at the same rate, followed by four such cycles between
1000 and 2000 K, and finally cooling to 300 K. In the
following, we briefly describe the CCBB method.



6238 Maiti et al.

2.1. CCBB Method and Construction of Den-
drimers. To predict the polymer properties of such
complex polymers as PAMAM, we need to determine an
ensemble of conformations that would be highly popu-
lated at the temperature and pressure of interest. To
accomplish this task, we use continuous configurational
biased (CCB) direct Monte Carlo sampling?2° in which
each torsion in the polymer chains is sampled using a
weighting function based on the Boltzmann factor of the
torsion energy plus nonbonding interactions in the
vicinity of the growing chain end (within a cutoff sphere
of radius R¢)

g (¢ﬁ¢ p",¢r_)
Wocs(@idrdi-) =7~ P0m @)

where

Zecp(Prr-ndiog) = fozngccs(¢i;¢1a---,¢i—1)d¢i (2)
Joc(PiiP1r--Pi-1) = Qirs(i) eXp[_ﬁZQ(Rc -
3
N EL(ri]l (3)

Here atom j belongs to the growing chain end group and
atom k is one of the atoms in the grown polymer chains.
And O(R) is the Heaviside step function, namely O(R)
=0whenR <0 and ®(R) =1when R = 0.

Prior to each step of chain sampling, the torsion
energy and nonbonding energy within the cutoff radius
of the growing end were calculated for 200 grid points
equally separated from 0O to 277, and Wccg was evaluated.
A random number, &, uniformly distributed in the
interval (0,1), was drawn and the torsion angle is
obtained by requiring

Pceca(@) = ‘/:)WCCB((»b)d(p (4)

We applied this algorithm to construct the initial
dendrimer structures such as assemblies of spherical
and cylindrical giant liquid crystalline structure of
Percec and co-workers 32734 and various other poly-
mers.35738 All of the initial configurations for PAMAM
dendrimers from generations 1 through 11 were ob-
tained by CCBB method.

2.2. Force Fields and Simulation Methods. We
carried out MD simulations at room temperature for
generation 1 through 11. These simulations employed
the Dreiding force field3® to describe the interatomic
interactions. The partial charges on the atoms are
derived using the charge equilibration (QEqQ) method,
as follows.*° First we evaluated the QEq charges for the
core, as a neutral molecule using generation 0, i.e., with
all four terminal H atoms replaced by four monomers
of the PAMAM dendrimer. Then, we evaluated the QEq
charges for the full monomer of PAMAM, where all
three H atoms are replaced by three monomers of
PAMAM, with the required charge neutrality. Finally
we evaluated the QEq charges for the terminal PAMAM
monomers; where the two terminal H atoms are kept
as H and the other H is replaced by a monomer of the
PAMAM dendrimer. These charges for the terminal
PAMAM monomer were then scaled to be neutral and
were used for the terminal generation. This procedure
ensures that each generation is neutral. Figure 1 shows
the partial charges derived from QEq for the various
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Figure 2. Time evolution of the radius of gyration (Rg) of the
PAMAM dendrimers, generation 8 (400 ps) and generation 11
(180 ps), during simulation.

atom types for the full monomer of PAMAM. All
simulations treat the terminal nitrogens as having two
H’s, which is appropriate for the gas phase. In another
paper, we will consider explicit solvent and the possibil-
ity of protonated primary and secondary amines.3°

To evaluate the nonbonded coulomb and van der
Waals interactions, we employed the cell multipole
method (CMM),** which includes the interactions
with all atoms (no cutoffs), using multipole expansions.
These calculations used up to quadruple expansions in
the far field and local potential. The bounding box was
adjusted to have an average of 6—10 particles per leaf
cell.

All calculations reported here were carried out with
the MPSim program.*2 Molecular dynamics simulations
employed an integration step of 1 fs to maintain
conservation of Hamiltonian. The simulations were
conducted at T = 300 K, and for generations 3—8 we
used 200 ps for equilibration and 200 ps for the data
collection. For generations 9—11 we used 50 ps for
equilibration and 50—100 ps for the data collection. The
equilibration process was monitored by measuring the
total energy as well as the instantaneous radius of
gyration of the dendrimer. As shown in Figure 2, for
the variation of the radius of gyration as a function of
time for generation 8 (400 ps) and generation 11 (180
ps), the simulations are long enough to obtain reliable
structural and thermodynamic properties. Furthermore,
for higher generations, the branched topology of the
dendrimers inhibits major conformational excursions
that might be observed in linear polymers in long time
simulations; thus, the length of simulations used in this
study is long enough to determine physical and struc-
tural properties of high generation dendrimers. This is
further confirmed from our longer molecular dynamics
simulations of the atomistically informed two bead-
per monomer coarse-grained model.31 We saved the
configurations at 0.5 ps interval and used these
configurations to determine the average properties at
T = 300 K. The next section presents the simulation
results.

To ensure that we have generated equilibrated struc-
tures we did the following computer experiments: we
took the final equilibrated G10 PAMAM structure and
made it the G9 dendrimer by removing the outer
generation. Molecular dynamics was continued on this
new and independent G9 PAMAM dendrimer and
within 50 ps, the radius of gyration converged to Ry =
45.24 A, which is within 2% of the previously obtained
value, Rg = 46.03 A.
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Figure 3. (a) Average radius of gyration Ry of dendrimers as a function of generation. Our values were averaged from the snapshots
every 0.5 ps from the equilibrium molecular dynamics trajectory (i.e., after the equilibration run). The data obtained from SAXS
and SANS experiments are also shown. Also included are the results from the MC simulation of dendrimers on a diamond lattice
by Mansfield and Jeong (ref 20) and from the Brownian Dynamics simulations of Murat et al. (ref 26). Both Mansfield’'s and
Murat et al. data have been scaled by the average bond length, b= 1.5 A, to obtain distances in A. (b) A log—log plot of calculated
Ry from our simulations as a function of the number of atoms (N) in the dendrimer. The solid line shows the fit, Ry = 1.34

+1.026N03,

3. Results

To characterize the structure and properties of these
EDA-cored PAMAM dendrimers as a function genera-
tion, we have chosen the following quantities:

eRadius of gyration.

eShape tensor.

eAsphericity.

sMonomer density distribution.

eSpatial arrangement of branch points.

e«Terminal group distribution.

eEnergy per monomer.

eMolecular surface area.

«Solvent accessible surface area.

eMolecular volumes as a function of generation.

eThe fractal dimension.

3.1. Size. The mean-square radius of gyration Rq20
provides a quantitative characterization of the den-
drimer size and the shape is characterized by the shape
tensor of the individual chains. For a dendrimer with
N atoms the mean-square radius of gyration is given

by
N
Ry’ 0= (UM) TS my|r; — RPI0 ()

where R is the center-of-mass of the dendrimer, m; is
the mass of the ith atom, and M is the total mass of the
dendrimer. Figure 3a and Table 2 show the radius of
gyration Ry as a function of generation. Here, we see
good agreement between our calculated Ry with those
obtained form the recent small-angle neutron scattering
(SANS) and small-angle X-ray scattering (SAXS experi-
ments. Table 2 allows a more detailed comparison of
the Ry from our simulations with experiment. We see
that for lower generations (3—6) the calculated Ry is
considerably smaller than the experimental values (20—
30%). However, for larger generations Ry approaches
experimental numbers, for generations 7 and 8 the
difference is around 10% for G9—G11 the difference is
about 5%. This discrepancy is probably because in the
difference in conditions. Thus, most experiments on

Table 2. Radius of Gyration (Rg) (A) as a Function of
Generation for PAMAM, Where Ry Is the Radius of
Gyration Considering Only the Terminal Nitrogens2

this work experiment Mansfield  purat
generation Rq Rn  SAXS SANS Rq Rn Rq
0 493 6.80
1 7.46 10.36 7.63 864 4.27
2 9.17 11.61 10.88 12.44 6.01
3 11.23 1291 158 14.2 16.05 7.96
4 145 16.81 17.1 17.87 19.86 10.27
5 18.34 20.26 24.1 243 2199 24.00 12.49
6 22.4 24.67 26.3 26.82 28.8 15.79
7 29.09 3155 319 344 3248 3439 19.37
8 36.42 39.87 40.3 395 39.04 40.88 20.41
9 46.03 47.94 49.2 46.47 48.28
10 55.19 57.38 574 53.42 55.28
11 68.25 70.86 61.51 63.60

2 Our values were averaged from snapshots every 0.5 ps in the
dynamics (after equilibration). Small-angle X-ray scattering (SAXS)
results are from ref 61. Small-angle neutron scattering (SANS)
results for generation 5 and 8 are from ref 11 and for generation
7 are from ref 56. Mansfield and Jeong?° used Monte Carlo
simulations on a diamond lattice dendrimer model described by
seven step spacers using spacers of step size b = 32, Murat et
al.%6 used Brownian dynamics simulations on a bead model
dendrimers with seven step spacers with average bond length b
=0.97.

PAMAM dendrimers have been performed in polar
solvents with terminal groups protonated in the pres-
ence of counterions. In these circumstances, the hydro-
philic nature of the primary and tertiary amines leads
to a substantial swelling in PAMAM dendrimers. For
larger generations (beyond G = 8), we expect that the
more rigid nature of the dendrimer framework moder-
ates the role of solvent and degree of protonation in
affecting the conformation and size of the dendrim-
er.114344 presumably this is why we find better agree-
ment in Ry for higher generations. Thus, we interpret
our calculations with neutral dendrimers in terms of
nonpolar poor solvent conditions (i.e., gas phase). Pre-
liminary computations using explicit polar solvents
(water) for generation 6 show a substantial (15%)
increase in radius leading to a value of Ry = 26.76 A,
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Figure 4. (a) Moment of inertia based aspect ratios as a function of generation (I, > 1, > I,) and (b) the asphericity parameter,
0, as a function of generation. The values plotted were averaged using the snapshots every 0.5 ps from the equilibrium molecular

dynamics trajectory. The solid line is only to guide the eye.

while the protonated model systems lead to an even
larger effect (20%).3° MC simulations of G5 dendrimer
by Welch and Muthukumar 18 predicted that depending
on the solution pH and salt concentration the size of
the dendrimer can change by up to a factor of 1.8!

Figure 3b shows for G3 to G11 the sizes scale as Ry
~ N8, indicating that these PAMAM dendrimers all
have a homogeneous structure in which the atoms are
densely packed. A recent SANS study on poly(benzyl
ether) dendrimers 4® finds that the size of the dendritic
molecules increase as M%32, where M is the molecular
weight of the molecules. This is in good agreement with
our calculations, indicating the very compact structure
expected in a poor solvent.

The scaling exponent calculated here agrees well with
the molecular dynamics simulation with stochastic
terms including some friction on a bead model by Murat
and Grest,2® whose data have been scaled by b = 1.5 A
(average bond length) to obtain distances. This compact
structure requires a space filling geometry that implies
considerable back-folding of the outer generations.
Indeed, this back-folding is evident from several lines
of evidence as will be discussed below.

3.2 Shapes of Dendrimers. The size and shape of
the dendrimer have been measured using transmission
electron microscopy (TEM)* and with tapping mode
atomic force microscopy (AFM).%” In the TEM images
the dendrimer molecules appear as dark objects on a
light background of the amorphous substrate, and they
are well separated from each other. This helps in
accurately measuring the size and shape. TEM studies
indicate that higher generations dendrimer (G7—G10)
are spherical in shape, with some molecules showing
“edges” or slightly polyhedral shape. The shape and size
of the G10 dendrimer was studied also by Cryo-TEM
methods.*® The Cryo-TEM images of G10 indicate it to
be of a more polyhedral or irregular shapes than those
observed in the TEM images. The projected shapes of
the dendrimer also do not appear circular. This led the
authors*® to conclude that since the dendrimers are
synthesized from the EDA core, they might retain the
tetrahedral shape of the core molecule.

AFM images were used to study the shape and size
of the generation 5—10 PAMAM dendrimers. For lower
generations (G5 and G6) the shapes in the TEM images

become less distinct. AFM images of the dendrimers on
mica surface*’ indicate that molecules are dome-shaped
instead of being spherical. These authors suggest that
the deformation is caused by the dendrimers spreading
out to flatten on the surface. The G4 dendrimer cannot
be imaged due to its lower rigidity and smaller number
of surface functional groups.

Previous computer simulations by Goddard and co-
workers on NHj3 core dendrimers  predicted an abrupt
change in the shape of the dendrimer molecules in going
from lower to higher generations. In particular they
found highly asymmetric shapes for generations 1—3
but nearly spherical shapes for generations 5—7, with
G4 at a transition between the two forms. This predic-
tion was confirmed by experiments through photochemi-
cal and spectroscopic probes by Turro, Tomalia, and co-
workers.*® Recent MD and MC studies on model
dendrimers (mostly with a bead representation of
monomers) up to generation 6 214° indicate a rather
smooth and continuous transition toward spherical
shape in going from G1 to G6.

Figure 5 provides an clue to the character by showing
a snapshot of the final configuration for each generation
G1 to G11. However to provide a more quantitative
criteria to help settle these various contradictory find-
ings and speculations, we calculated the shape of the
dendrimer for generations 1—11. The shape tensor
describing the mass distribution is given by®0

N
Gmn = (1/M)[zmi(rmi - Rm)(rni - Rn)]’m’n =Xz
' (6)

The three eigenvalues of G, I, Iy, and I, (in descending
order), are the principal moment of the equivalent
ellipsoid. The sum of three eigenvalues is an invariant
of the shape tensor G, giving [R¢g?[] The ratio of these
three principal moments is a measure of eccentricity
(minor—major axes ratio) of the shape ellipsoid of the
dendrimer. Rudnick and Gaspari 27 introduced a better
definition of asphericity frequently used in the literature
as

0 =1— 30,10, (7)
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Table 3. Calculated Average Values of the Three Principal Moments of Inertia of Various Generations PAMAM
Dendrimers from MD Simulations®

generation I, ly Iy (111y) (1/1%) d
0 13.51 (1.69) 8.01 (0.93) 2.96 (0.68) 1.73 (0.38) 4.92(1.33) 0.15
1 33.17(3.14) 15.63 (1.32) 6.92 (1.28) 2.12 (0.28) 4.79 (1.51) 0.18
2 48.18 (2.37) 21.27 (1.17) 14.71 (0.87) 2.27 (0.19) 3.28 (0.27) 0.13
3 59.11(1.24) 39.04 (1.31) 28.54 (3.86) 1.51 (0.07) 2.07 (0.07) 0.04
4 95.55(3.60) 68.88 (5.47) 49.13 (2.34) 1.39 (0.11) 1.94 (0.20) 0.04
5 140.66 (2.33) 107.91 (2.08) 87.75 (1.41) 1.30 (0.04) 1.60 (0.04) 0.02
6 198.40(2.03) 165.51 (1.41) 137.86 (1.48) 1.20 (0.02) 1.44 (0.03) 0.01
7 376.30 (3.91) 285.83 (2.76) 184.29 (1.88) 1.32 (0.02) 2.04 (0.03) 0.04
8 602.31 (3.49) 456.42 (1.32) 259.46 (1.33) 1.32 (0.01) 2.32(0.02) 0.05
9 1038.82 (4.53) 655.84 (2.82) 423.99 (1.80) 1.59 (0.01) 2.44 (0.02) 0.06

10 1392.63 (3.62) 940.50 (2.10) 713.35 (2.56) 1.48 (0.01) 1.95 (0.01) 0.04
11 2101.52 (13.73) 1469.71 (10.14) 1112.77 (4.78) 1.43 (0.01) 1.89 (0.01) 0.03

al, > ly > I 0 is the asphericity parameter defined in eq 7. The uncertainties over the dynamics are shown in brackets. Our values
were averaged from snapshots every 0.5 ps in the dynamics (after equilibration).

where |; are the respective invariants of the gyration
tensor and are given by

=1+ 1,+1, L=1Ll,+1l,+Ll, and

Iy =L,

The shape of the dendrimer can be assessed from the
average values of the ratio of three principal moments
of inertia of the molecules. The average values of the
three principal moments of inertia are tabulated in
Table 3, while Figure 4 shows the average ratios for
different generations dendrimer. We see that the as-
pherical character plummets from G1 to G2 to G3 and
that, from G3 to G11, 6 ~ 0.04. The instantaneous
snapshots (Figure 5) show that their shape does not
deviate much from a sphere. These snapshots have been
generated using VMD software5! developed at UIUC.

The asphericity seems to drop monotonically from G4
to G6 and then increase from G7 to G9 and finally go
toward 6 ~ O for G9—G11. Thus, we find the PAMAM
dendrimer of generations G4—G6 to be more spherical
in shape than the G9—G11. The trend from G9 to G11
could be caused by the dramatically increased strain in
those systems (vide infra), but we do not have an
explanation for the minimum asphericity of G6.

We see that beyond generation 3, (I;/ly) are in the
range 1.0—1.6 and (I,/lx) are in the range 1.2—2.5. This
means that these dendrimer are compact ellipsoids—
spheroids in shape. The asphericities of dendrimers
shown in Figure 4b also reveal strongly compact spheri-
cal structures.

3.3. Radial Monomer Density Profiles. The aver-
age radial monomer density p(r) can be defined by
counting the number N(r) of atoms whose centers of
mass are located within the spherical shell of radius r
and thickness Ar. Hence, the integration over r yields
the total number of monomers as

N(r) = 4z ["rp(r) dr (8)

Figure 6 shows the radial monomer density profiles for
each generations G1, G5, G9, and G11 (see Supporting
Information for other generations). In each case the plot
shows the contributions to a particular generation from
each of its component generations. In each case, we take
the origin as the center of mass.

For G1-G3 the density has a spike at small R and
then decreases somewhat monotonically, but for all
higher generations, it shows a minimum at the core and
gradually increases to have a maximum at a distance

that roughly corresponds to its radius of gyration. A
region of almost constant density follows this. Monomer
density in this constant density regime is increases with
the generation. The extent of the constant density zone
increases gradually for higher generations. For G6 the
width of this constant density zone is only 5 A, while it
becomes ~50 A for G11. Beyond the constant density
regime is a tail zone where the density decays mono-
tonically. The width of the tail zone is quite similar for
the higher generations dendrimer, ~25—30 A for G7—
G11.

Several features deserve special mention. For G1—
G3, we find a local density minimum near core of the
molecule, similar to previous findings.?426 However, for
higher generations, we find that this feature disappears.
Our studies as well as others?* reveal the presence of a
plateau (constant density zone) in the monomer density
profiles. This contrasts sharply with the results from
the self-consistent mean field model of Boris and Ru-
binstein,32 which predicts the largest density at the core,
followed by a monotonic decay to the edge of the
molecule. We suspect that this is a result of not
accounting for the local strain in the higher generations.

We find that the core domain is dense for generations
up to G7 but that for higher generations it drops
dramatically.

A dramatic feature in the simulations is the high
degree of back-folding in the partial density profiles for
the various subgenerations. The extent of back-folding
increases with the increase in generations. For example,
up to G9 the outermost subgeneration remains ~5 A
away from the center of the molecule. But beginning at
G10, this outermost subgeneration gradually penetrates
to the core. This finding supports the solid-state NMR
measurements on flexible dendrimers,> which reveal
close contact between the core and peripheral groups.
Longitudinal NMR relaxation times in paramagnetic
core dendrimer 54 also indicated penetration of the
various subgenerations close to the core of the mol-
ecules. This is in qualitative agreement with other
coarse-grained and atomistic simulation studies on
dendrimer systems.5*+55

3.4. Terminal Amine Group Distribution. The
rheological properties and surface activities of the
PAMAM dendrimers in solution depend strongly on the
location of the terminal groups (which may be proto-
nated or charged) and their distribution within the
molecule. The early discussions of dendrimers and the
usual schematic diagrams convey the idea that the
terminal groups are located at the periphery of the
molecule. However, we find substantial folding back of
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Figure 5. Instantaneous snapshots of G1-G11 PAMAM dendrimers after long MD simulations at T = 300 K. All figures are to
the same scale. The color-coding of atoms is the same as in Figure 1.
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Figure 6. Radial monomer densities (units gm/cm3) for different generations of EDA-cored PAMAM dendrimers for all generations.
Each figure is for a specific generation. The numbers shown were averaged from snapshots every 0.5 ps. The origin is at the
center of mass. The last plot compares the total density profiles for all generations of PAMAM dendrimer from G1 to G11.

the end groups inside the dendrimer molecule. To
qguantify this we show in Figure 7 the density profile
for the terminal nitrogens for various generations. This
indicates that the end groups of different subgenerations
of a given dendrimer are sufficiently flexible to inter-

penetrate nearly the whole molecule. In particular, the
end groups of the higher generations even come close
to the core of the molecule. This result is in agreement
with the theoretical analysis of Boris and Rubinstein®?
as well as other atomistic MD studies on dendrimer
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systems.> We find that the nitrogen distribution has a
peak near the periphery of the dendrimer and decays
quickly beyond this distance. However, it shows an
appreciable probability density within the interior
region of the dendrimer. Also we see that the density
distribution is multimodal, indicating that the terminal
nitrogens make clusters and reside in a shell-like
structure. Multimodal distribution of the end groups
was also reported in the recent MD studies in PPI
dendrimer.?®

Figure 8 shows the spatial distributions of primary
and tertiary nitrogens for a central slab of 8 A thickness
passing through the center of the molecule. This is
shown for the final snapshot of the trajectory for
generations 6 and 11. We see that primary nitrogens
are distributed throughout the molecule, penetrating to
the core in each molecule. For the higher generations,
we find a larger number of primary and the outer
generation tertiary nitrogens crowded into the core.
Recently, Rosenfeldt et al.’® reported SANS experiments
in which labeled solutions of generation 4 poly(propylene
amine) (PPI) dendrimers were examined in protonated
and deuterated dimethylacetamide. They found similar
evidence, indicating the presence of back-folding.

However from SANS experiments on dilute solutions
of G7 PAMAM dendrimers, Topp et al.>¢ concluded that
back-folding is insignificant for PAMAM dendrimers in
methanol and its deuterated form CD3;OD. They based
this conclusion on the increase in the Ry for deuterated
samples. From SANS with deuterium labeling and
scattering contrast variation they found Rg =39.3 + 1
A for G7 terminal groups only and found Ry= 34.4 +
0.2 A for the full dendrimer. This led them to conclude
that the terminal groups are located at the outer surface
of the dendrimer. To compare our simulation results
with the SANS experiment, Table 2 tabulates the radius
of gyration Ry considering only the location of the
primary nitrogens (terminal groups). For G7 PAMAM,
we find Rg=29.5 + 0.2 Aand Ry =32.1 + 0.4 A. Thus,
the theory leads to a ratio of Rg/Rn = 0.91 + 0.03, which
can be compared to the experimental ratio of 0.88 +
0.03. Thus, within the experimental uncertainty, the
ratio obtained from our simulation is same as that
obtained in the experiment, yet in our simulation, we
find that the terminal groups (primary amines) are
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Figure 7. Radial densities for the terminal nitrogens (primary amines) for various generations of PAMAM dendrimer. Our
values were averaged from snapshots every 0.5 ps in the dynamics (after equilibration).

distributed through the interior of the G7 PAMAM
dendrimer. Our findings are consistent with the results
from the recent Brownian dynamics simulation by
Lyulin et al.57.58 where they have shown that the radii
of gyration are not always a safe measure of the location
of the terminal groups and distribution functions with
Rn = Ry can be achieved even when most of the end
groups are located within the interior of the dendrimer
molecules

Assuming a perfect spherical shape and uniform
density, the effective size of the dendrimer is R =

V5I3Ry = 38.13 A for G7 dendrimer (see Table 4)
which is larger than Ry by 6 A. This indicates how much
the terminal groups are back-folded into the interior
portion of the dendrimer. This is also evident from the
density profile for the primary nitrogens.

One caveat in comparing theory and experiment is
that our simulations are performed in a vacuum, cor-
responding to poor solvent conditions, whereas the
experiments are performed in methanol. We find that
the protonated and deuterated samples in a polar
solvent (water) swell by 20% in explicit solvent MD
calculations on G6 30 PAMAM dendrimers as compared
to the vacuum.

3.5. Branch Point Distribution. There is contro-
versy as to how the different branches (“spacers”) of the
dendrimer arrange in space as we go radially outward
form the center of mass of the dendrimer or as the
generation increases. Do they arrange, in a regular
fashion, as so often characterized in publications? The
overall shape of the dendrimer may also dependent on
the arrangements of various branches within the mol-
ecule. To understand how the spacer and branch point
arrange spatially, we computed the angle between the
vectors joining the branch points as a function of branch
point generations. These angles are calculated from the
scalar products Oy Im+10where 1, and Im+q are the two
vectors joining different generation branch point from
the center of the core (Figure 9). For G6—G8, Figure 10
shows that the angle is ~25° for G1-—G4 and then
decreases as m increases. On the other hand, for G10
and G11 we find that the angle increases dramatically
from 12° for G1 to 45° for G4 and then gradually
decreases for larger generations. This implies that the
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Figure 8. Instantaneous snapshots showing spatial arrangements of the primary and tertiary nitrogens for G6 and G11 PAMAM
dendrimer in a slice of thickness 8 A passing through the center of mass (white spheres) and in the xy planes. White spheres
indicate to the center of the molecule. For G6, the primary nitrogens are magenta, the tertiary nitrogens of G5 are dark gray, and
the tertiary nitrogens of G4 are green. For G11 the primary nitrogens are magenta, the tertiary nitrogens of G10 are dark gray,
the tertiary nitrogens of G9 are green, the tertiary nitrogens of G8 are yellow, and the tertiary nitrogens of G7 are red. The
magenta spheres (primary nitrogens) penetrate to the core of the molecule.

Figure 9. Definition of branch point and vectors joining
them: Iy, Imia, ..., etc. Each of the branch points corresponds
to the location of the primary or tertiary nitrogen.

core is very stretched for G10 and G11. G5 seems to
have anomalous behavior.

A second analysis giving a similar conclusion is the
branch point distance from center of core of the den-
drimer as a function of branch point generations in
Figure 11. Figure 11b shows that for G3—G6, the
distance between successive branches oscillates around
4—8 A, with an average of 6 A. Then for G7—G9 the
branch point distances for inner two subgenerations (g1
and g2) increase to 9—10 A but decrease for the later
layers. However, for G10, the distance of the first branch
point from the core increases to 14 A while that of the
second branch point is 11 A. For G11, we see dramatic
increase in the distance of the first branch point (almost
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Figure 11. Branch point distance distributions functions: (a) distance measured from the center of core to the branch point for
different generation PAMAM dendrimer; (b) distance measured between consecutive branch points as a function of various

generation PAMAM dendrimer.

17 A) while the second branch point extends up to 14
A. Then for G3—G5, the branch points are spaced by
10 A for G10 and 12 A for G11. Finally, by the outer
two layers, the branch point distances are down to
normal values of 6—8 A, just as for smaller generations.
This indicates that for G10 and even more in G11,
addition of the outer layers has greatly stretched the
inner layers with the effects magnified for the innermost
three layers.

These results are consistent with our earlier observa-
tion that the core domain is denser for G1—G3 compared
to the generations >G4. This picture indicates that the
dendrimer is less dense in the interior for lower genera-
tion and extends out from the core. From the density
profiles for various generations we also see that the
monomer density is maximal at the core and decays
radially outward for G1—-G3.

This enormous strain in the inner region is even more
manifest in an instantaneous snapshot (see Supporting
Information) of the core and inner 2 subgenerations for
G6 and G11 PAMAM dendrimer. This shows that the
core of G 11 is stretched by a factor of 2 compared to
G6.

This distribution of strains in the core region is in
contrast to the picture of de Gennes and Hervet 13 in
which the spacers closer to the core were expected to
be less extended than the ones near the periphery. We
interpret this opposite result as arising because stretch-
ing the core generations provides a larger radius giving
space for the monomers belonging to the back-folded
higher generations which thereby avoids steric conges-
tion.

3.6. Solvent Accessible Molecular Surface and
Volume. The interaction of the dendrimer with the
solvent is largely determined by its solvent accessible
surface area (SASA) and solvent excluded volume.
PAMAM dendrimers have a great deal of internal
surface area and solvent accessible volume as demon-
strated by earlier studies! on NH3z-cored PAMAM den-
drimers from generation O through 6.

To calculate the solvent accessible surface area Asasa
and volume Asay, we assume a fused-sphere model for
the solute in which each sphere has a radius r; equal to
the van der Waals radius of the atom it represents, r;VdW,
but extended by the probe radius of the solute, r,. Thus,
ri = r;vaw + rp. Thus, we extend the radius of each atom



6248 Maiti et al.

200 , | , |

Probe Radius (A)
Figure 12.

Macromolecules, Vol. 37, No. 16, 2004

5001 4 -
\
L \ il
A
o 400 S A, ) =\
o A =T G=M
‘\—A \
3 I &‘o\ |
(<r() T~ ————
< 300F G=104
g
i X 1]
L =5 G=9 A
€N
O~ G=8
200 | | | |
0 2 4 6 8 10

°

Probe Radius (A)

A/ Aspsa as a function of probe radius for various generations PAMAM dendrimer. The line fitting larger probe radii

extrapolated to zero probe radius provides a measure of the outside area (excluding pores and internal voids) while the difference
between the calculated points and this line gives the internal area of the pores and internal voids.

80 T T

Go7

10

Probe Radius (A)

12

————
160} &
G=11
140 A7 ,
< G=10
2 1201 .
o 1]
[ G=9 |
2100 .
— 4
G=8
80| .
60| .
| L | ! | |
0 2 4 6 8 10

Probe Radius (A)

Figure 13. Vsas'® as a function of probe radius for various generations PAMAM dendrimer. The line fitting the larger probe
radius extrapolated to zero probe radius provides a measure of the total volume (including pores and internal voids) while the
difference between the calculated points and this line gives the internal volume of the pores and internal voids.

by the probe radius, leading to SASA as the surface area
traced by the center of a spherical solvent probe as it
rolls around the van der Waals surfaces of the solute.
To calculate Asasa and Vsas, we have used the analytical
volume generalized Born method (AVGB) developed in
the Goddard group.®® AVGB is very fast and accurate
and has been applied successfully to study solvation
effects in biological systems.®°

3.6.1. Solvent Accessible Surface. Figure 12 plots

A/ Asasa @s a function of probe radius for different
generation PAMAM dendrimers. For probe radii larger
than the largest internal void, the SASA increases
linearly with the probe radius. Fitting a line to these
larger probe radii results and extrapolating to zero
probe radius provide a measure of the surface area on
the outside of the dendrimer (excluding pores and
internal voids). Assuming the shape of the dendrimer
to be a sphere, this exterior surface area leads to an
estimate of the radius of the dendrimer, which is
included in figure 17 and Table 4. This value is about
15—21% larger than our best estimate of the size.
The difference between the calculated points and the
line in Figure 12 gives the internal area of the pores
and internal voids. This internal surface area is plotted
as a function of generation for several probe radii (1,
1.4,2,and 3 A) in Figure 14 a. This shows that, starting
at generation 7, there is more internal surface area than

the external surface and the available internal surface
area increases with higher generations.

3.6.2. Solvent Accessible Volume. The volume
associated with the internal cavities can be obtained by
calculating the volume contained inside the SASA,
which is called the solvent accessible volume (Vsas) as
a function of probe radius. For a prefect sphere devoid
of internal cavities, the volume contained within the
sphere’s SASA is given by

Veas = (4/3)(R + p)° 9)

Figure 13 plots 3,/Vg,s as a function of probe radius p
for different generations PAMAM dendrimer. For larger
probe radius 3,/Vg,g is linear in p with a slope 3v4x/3.
The intercept at zero probe radius leads to an estimate
of the volume contained inside the dendrimer, including
all internal pores and cavities.

Using the limit of the line in Figure 13 for p = 0 leads
to an estimate of the size R of the dendrimer in Table 4
and plotted in Figure 17 as a function of dendrimer
generation. This value is in excellent agreement with
the value obtained from the Ry, which Figure 3 shows
is in good agreement with experiment.

The deviation of the Vsas from the line in Figure 13
gives a measure of the volume contained in the internal
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Figure 14. Internal surface area (Sint) (&) and volume (Vint) (b) plotted as a function of generation for several probe radiuses. The
area and volume has been calculated from the difference between the points and lines in Figures 12 and 13.

Table 4. Sizes of the Various Generation PAMAM
Dendrimers Computed Using Four Different Procedures
as Discussed in the Text?2

R (A) calcd

generation  Rsasa(A)  Rsav(A)  fromeq10  Rn(A)
1 10.33 8.95 9.63 10.35
2 13.63 11.49 11.84 11.61
3 16.43 13.91 14.72 12.91
4 21.35 17.77 18.69 16.81
5 28.38 23.15 24.11 20.26
6 35.79 28.87 31.26 25.94
7 44.93 36.44 38.13 31.55
8 56.79 45.90 47.62 39.87
9 68.37 57.45 60.29 47.94
10 85.72 70.80 70.54 57.38
11 107.23 88.12 88.12 70.86

aThe size obtained from R = Rg/v/3/5 agrees with Rsav
obtained from the volume contained within the solvent accessible
volume (Vsas), which we consider the best size measure. Note that
the average radius of the outer generation nitrogens is consistently
20% smaller.

6

Generation

Figure 15. Internal surface area (Sint) (2) and volume (Vint)
(b) plotted as a function of generation for several probe
radiuses. The area and volume has been calculated from the
difference between the points and lines in Figures 12 and 13.

voids and cavities. This internal void volume is plotted
as a function of generation for several probe radii (1,
1.4, 2, and 3 A) in Figure 14b. This shows that, starting
at generation 7, there is an increase in the internal
volume.

3.6.3. Analysis of the Character of Internal Voids
and Pores. The measures of internal surface area and
internal volume in Figure 14, parts a and b, can be used
to estimate the character of the internal voids. Assum-
ing that these voids consist of Njn: equal sized spheres
of radius Rin: leads to an estimated size of Vin/Sint =
Rin/3 and Nint = Sind47Rin2. On the other hand,
assuming that there is a single continuous pore of
cylindrical shape of radius Rin: and length dj,; leads to
Vint/Sint = Rint/2 and with dint = Sint/27Rint. Figure 15
shows Vin/Sint as a function of generation. This shows
the radius distribution of voids as a function of genera-
tion.

These results can be compared to the internal struc-
ture of the various generations of dendrimer in Figure
16. This shows the solvent excluded surface area for a
slice 2 A thick passing through the center of each
PAMAM dendrimer for G3—G11. From these cross-
sections, we see that core is very dense compared to the
exterior regions up to G6, but starting at G9, we see
increasing numbers of voids and channels within the
dendrimer. Most of the voids and cavities are located
at the periphery of the dendrimer. The voids inside the
dendrimer are filled by back-folding of the outer sub-
generations throughout the interior of the molecules.

For some applications of dendrimers, it is valuable
to have internal cavities and channels where that can
accommodate specific molecular guests. Thus, Naylor
and Goddard?® showed that dopamine fitted well within
a G6 NHs-cored PAMAM dendrimer. These internal
voids can be controlled by the monomers from which
the dendrimer is constructed (which may change as a
function of growth generation) or by changing the
character of the terminal generation. Thus, terminal
groups that form favorable hydrogen bonds or electro-
static interactions with the polar solvents might reduce
the degree of back-folding leading to the additional
internal cavities and more internal space. Similarly this
might be achieved by making the terminal groups repel
each other. However, as mentioned earlier the confor-
mations of the dendrimers of the higher generations are
less flexible making them less sensitive to the presence
of polar solvent or protonation of the terminal groups.
This suggests that higher generations PAMAM den-
drimer will form fewer internal voids and cavities.

3.7. Size of Dendrimers from Surface, Molecular
Volume, and Ry Calculations. Assuming a uniform
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Figure 16. Solvent excluded surface area for generations 3—11 EDA-cored PAMAM dendrimer. To see the interior structure we
show xy cuts from the middle of the dendrimer. These figures were generated using the MSMS package®? from Scripps.

sphere, the radius of the dendrimer R is related to the
radius of gyration of the dendrimer Ry via

R = Ry/V3/5 (10)

As discussed above, Figures 12 and 13 lead to an
estimated radius (assuming a spherical shape). Figure
17 and Table 4 compare the dendrimer radius from
these three different methods. We also show here the
radius of the dendrimer Ry obtained by computing the
radius of gyration using only the primary nitrogens.
Starting with G2, the value of Ry is systematically
smaller than the size obtained from Ry and Rsay due to
back-folding of the primary nitrogens within the den-
drimer. This is more pronounced at higher generations
since the degree of back-folding increases at higher
generations. On the other hand the Rsasa value is

consistently larger. The Rsav value is close to the Ry
value, which is shown in Figure 4 to be close to
experimental measures.

3.8. Fractal Dimension. Molecular surfaces play an
important role in determining the structure and inter-
actions properties of dendrimer molecules. They also
play an important role in understanding the origin of
specificity and recognition in the molecular interactions.
Figure 18 shows the variation of the molecular surface
area Amo as a function of the probe radius, R,. From
this plot, we can extract the fractal dimension of the
dendrimer using the following relation

_ d(iog(Any))
"™ d(log(Ry)

where df is the fractal dimension of the dendrimer.

(11)



Macromolecules, Vol. 37, No. 16, 2004

120 T T T T T T T T T

I GO From SASA ]

100 - o0 From SAV N

| oo From Rg o

8ol AA From primary Nitrogen L]

< | ]

360l 8
©

o | |
o0

40 —

20 =

Generation

Figure 17. Comparison between the sizes of dendrimer
calculated by four different methods. The size obtained from

R = Ry/v/3/5 agrees with Rsay obtained from the volume con-
tained within the solvent accessible volume (Vsas), which we
consider the best size measure. Note that the average radius
of the outer generation nitrogens is consistently 20% smaller.

10
|G =11
107G =10 7
G=9
NZ G=8
VE’105£=7 il
< G=6 :
G=5 M
104[C =4 &
G=3 MJ
103 |
0 1 10

Probe radius (A)

Figure 18. Molecular surface are Ano plotted as a function
of probe radius for different generations dendrimers in a log—
log scale. As discussed in section 3.6, the fractal dimension of
the external surface is D = 3.6 for G11 and D = 2.5 for G3. A
perfectly smooth spherical surface leads to D = 3, indicating
the nonsphericity for G3 and the tortuous outer surface for
G11.

Figure 18 shows that at both small and large probe
radius, the slope of the curves for different generation
is almost zero, indicating di = 3. However, for probe
radius in the intermediate range (1—4 A) the fractal
dimension increases from 2.5 for G3 to 3.57 for G11. The
average fractal dimension df is 3.1. Since the fractal
dimension of an object in Euclidian space is limited by
the dimensionality of the space, we consider the fractal
dimension of our model dendrimers to be df = 3.0 within
the accuracy of the simulation data. This means that
these dendrimers are very dense and completely space-
filling objects. The fractal dimension for G9 and above
are significantly larger than 3. We consider that this
indicates a very irregular surface, leading more surface
area than expected from its radius. This is also shown
in Figure 18, where the radius derived from the surface
area is too large compared to other measures.

Murat and Grest,2% using a bead model in Brownian
dynamics simulation, obtained a fractal dimension of
3.0 in good agreement with ours. On the other hand,
Mansfield?! using Monte Carlo simulation on diamond
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Figure 19. A log—log plot of number of monomers N(r) that
reside within a sphere of radius r for different generation
dendrimers. The solid line has the form N(r) = 0.4r3, which
indicates that different generations dendrimers have the same
fractal dimension dr ~ 3.0.

lattice calculated the fractal dimension using the box
method, obtained a lower value, di = 2.79 for G9. To
determine the origin of this discrepancy, we also esti-
mated the fractal dimension of the dendrimer in a
manner similar to the box method. In this method, we
plot the number of monomers N(r) within a sphere of
radius r from the center of mass of the dendrimer.26
Figure 19 shows the variation of N(r) as a function of r.
From the best power law fits to the curves we find that
the fractal dimension is df = 3.0, which is the same as
the value obtained from plotting molecular surface area.
Thus, we are not sure why the Mansfield number is
different.

4. Structure Factor

One of the few experimental ways to characterize the
structure of dendrimers is with SANS or SAXS, which
gives a measure of the overall size. Closely related to
the results of SANS or SAXS experiments is the
spherically averaged Fourier transform of the single
particle density, S(qg), given by eq 122!

1 27 T N . 2
S(Q) =—— d¢ [ sin8d6O|) exp[iq.T;]|° (12
@ 4nN2f0 A Z plig.711” (12)

where
g=gqgsinfcos¢xX +qgsinfsing¢y+qcosHz (13)

We calculated this using orientation averaging at
intervals of 9° in both 6 (0< 6 < 180°) and ¢ (0< ¢ <
360°). Since there is no strong conformational change
in the dendrimer structures over the dynamics, the
averaging has been done for 20—30 configurations
spread uniformly over the 200 ps of dynamics up to
generation 8 and for 10 configurations spread uniformly
over the 50—100 ps of dynamics for generations 9—11.
Figure 20a plots the single particle form factor for
G1-11 PAMAM dendrimers in the Kratky representa-
tions. The Kratky representation makes the function
independent of size. Thus, particles uniformly distrib-
uted in a sphere would lead to the shape independent
of the generation. This allows us to study the structure
of various generation dendrimers in a length indepen-
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Figure 20. (a) S(q), the single particle form factor (Fourier transform of the single particle density, (eq 12) for PAMAM dendrimers
for generations 1—11. We use Kratky representation, which makes the function independent of size. Particles uniformly distributed
in a sphere would lead to the dashed line. This indicates that G1 and G2 are very far from spherical while G6 and above are quite
spherical. (b) Single particle form factor in Kratky representation for PAMAM dendrimers for generations 1—11. Ry is the radius
of gyration of the dendrimer considering the locations of the terminal nitrogens only.

dent way and highlights any differences in their density
distributions. For comparison we also show the results
for a sphere of radius 30 A which is close to the size of
G = 6 PAMAM dendrimer. For G = 3 and higher, the
first major peak appears at 1.66 > gRy = 1.62, which
compares very well with the value of Ry ~ 1.63 for the
perfect sphere. For lower generations (G1 and G2), the
peak occurs at gRy ~ 1.79 for G = 1 and at qRy ~ 1.65.
This indicates that G1 and G2 are very far from
spherical while G6 and above are quite spherical. The
appearance of distinct peaks for higher generations
(>G3) in the range 4 < qRy < 10 indicates that higher
generation dendrimers have very well-defined shapes,
becoming more spherical in shape for higher genera-
tions. Apart from G1 and G2, all generations have
similar shapes in the scattering curves and look similar
to the SAXS scattering curves reported by Prosa et al.®!
(see Figure 7 in this reference).

We also calculated S(q) by considering the distribution
of terminal nitrogens only. This is plotted in Figure 20b
using the Kratky presentation. Ry is the radius of
gyration taking into consideration the location of pri-
mary nitrogens only. Here also we see that at higher
generations the distribution of primary nitrogens be-
comes more spherical. A detailed comparison of the form
factor obtained from our simulations with those ob-

tained from recent SAXS experiment will be presented
elsewhere.

5. Quest for the Limiting Generation

The number of monomer in a given generations grows
as

Imax

N=Cg,.+ chQ*M (14)
£

where Cere iS the number of monomers in the core
region, c is the number of branches of the core, and m
is the multiplicity of monomer. For EDA-cored PAMAM,
Ceore = 8, ¢ = 4, and m = 2, while M = 17 for inner
generations and 19 for the terminal generation. Since
the number of atoms increases exponentially with
generation number while the available surface area
increases slowly, we expect steric overlap between
surface terminal groups to limit the maximum genera-
tion that can be completed chemically. For higher
generations starburst dendrimers must become imper-
fect. This argument that there is a limiting generation
was first raised by de Gennes and Hervet.'® Assuming
a Flory—Huggins analysis for the entropy of mixing and
assuming that each branch is a freely joined chain with
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Figure 21. Total energy of the monomers belonging to each subgenerations for various generations of PAMAM dendrimers.
This shows that up to G6 there is very little strain anywhere and that G7 and G8 have additional strain only in the other
generations. However, with G11 there is a great deal of strain throughout the system, while G10 also has strain throughout the
system. (b) Energy per monomer belonging to various subgenerations. Starting from G = 10, the strain energy per monomer
becomes very large, indicating that that the growth might be prohibited somewhere between G = 10 and G = 11.

length Pa (a is the bond length which is the distance
between the two spacer points), de Gennes and Hervet
predicted the following relationship between the limit-
ing generation gmax and number of spacers P

=288INP+4.4+0.2 (15)

gmax

Using P = 7 for the PAMAM dendrimer, this leads to
Omax = 10.2. There has not yet been a theoretical or
computational study to address this issue of limiting
generations and test the de Gennes prediction.

To determine at which generation the growth would
terminate, we consider the variation of strain energy
(energy per monomer) as a function of generation. This
is calculated by partitioning every term in the potential
energy among the atoms involved. Thus, two-body
interactions are half given to each atom, three-body
interactions are associated with the central atom,
torsional terms are half given to each internal atom,
and inversions are attributed to the central atoms.
Figure 21, plots the strain energy for monomers belong-
ing to various subgenerations for various generations
dendrimer. We see that for G10 and G11 the strain
energy increases dramatically for the all subgenera-
tions. In particular, G11 has a great deal of strain in
both inner and outer subgenerations. This suggests that
generation 11 is already past the limiting generation
for the EDA-cored PAMAM dendrimer. Indeed, on the
basis of the strain distributed throughout the structure,
we suspect that normal synthesis techniques may not
be able to complete G10, making it the limiting genera-
tion. These predictions that G10 is probably the limiting
generation is also consistent with the prediction of 10.2
by de Gennes and Hervet.

As an alternative measure to determine the limiting
generation, we consider the area available for each
monomer as a function of generation. Using the Rsasa
radius from Table 4, Figure 22 plotted the area available
per terminal primary amine group. This area decreases
monotonically from G1 to G11, until at G11 it is 17.6
A2 per monomer. To compare with this we calculated
the SASA for a single primary amine group in CH3NH,
using a probe radius of 1.4 A, leading to 28.4 A2 per
NH> (horizontal line in Figure 22). Thus, the available
area falls below this value between G10 and G11.

176
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Figure 22. Available surface area per terminal amine group
as a function of dendrimer generation. The solid line is a guide
to the eye only. The horizontal dashed line represent the SASA
for the NH; part of an isolated H;C—NH: group.

6. Concluding Remarks/Summary

We report herein comprehensive atomistic MD study
of PAMAM dendrimers over the entire range of genera-
tions (up to G11) for gas-phase conditions.

The calculated radius of gyration is in good agreement
with SAXS and SANS experiments where available,
leading to a size that scales accurately as R ~ N3 for
G3 to G11.

We find very little strain in these structures up to
G6; however, for G10 there is significant strain through-
out the entire structure, which increases dramatically
for G11. This correlates with the surface area available
per monomer, which is below the minimum required for
G11. This strain causes considerable stretching of the
inner two generations for G10 and G11. These results
suggest that the steric interactions of the surface groups
prevent growth of full generations beyond G10. This
agrees with the predictions by de Gennes, which sug-
gested a limit at ~G10.2.

These simulations over the entire range up to the
limiting generation clearly demonstrate the highly
flexible nature of the PAMAM system, which leads to
terminal groups being distributed throughout the inte-
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rior of the dendrimer. This differs dramatically from the
usual simplified 2D drawing.

These studies consider only gas phase (or poor sol-
vent) conditions. Future work will examine the effect
of polar solvents (e.g., H,O) and protonation on the
overall shape and size of various generations, but only
up to ~G6.
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