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ABSTRACT: We study the static and dynamic properties of amphiphilic dendrimers of generation 3 through 7
in an explicitly modeled solvent with molecular dynamics. All interior monomers are solvophobic while the
terminal monomers are varied from all solvophobic to all solvophilic, with a number of nonuniform solvophobic/
solvophilic terminal monomer arrangements investigated. For generations 6 and 7, crowding at the dendrimer
surface forces some solvophilic monomers into the interior of the molecule. The nonuniformly surface-modified
dendrimers are studied to examine how different arrangements of terminal monomers might affect dendrimer
conformation. In all cases with solvophilic terminal monomers we find the solvophilic monomers congregating
at the surface; thus, the dendrimer adopts the form of a unimolecular micelle. For generation 5 and smaller, the
terminal monomer arrangement has no effect on the static or dynamic properties. For generations 6 and 7, a
minimum number of bonds between the two types of terminal monomers is required to observe all solvophilic
terminal monomers at the surface of the molecule. Lowering the simulation temperature, which effectively increases
the interaction strength between solvophilic monomers and solvent, eliminates the backfolding tendencies of the
solvophilic monomers and increases the asphericity of the generation 6 and 7 dendrimers.

1. Introduction

Dendrimers are synthetic macromolecules with regular and
highly branched architectures. They are synthesized with a series
of controlled reactions, where each step (generation) results in
an exponential increase in the number of monomers. Because
of their structural precision, they can be considered a synthetic
analogue to proteins,1,2 and there is interest in developing
applications in medicine,3-8 surface science,9-12 and catalysis.13-15

By modifying the chemical nature of the large number of
terminal groups present in the dendrimer, one can alter proper-
ties, such as solubility16 and toxicity.3 The intent of this paper
is to investigate the structure and mobility of monomers in
amphiphilic dendrimers. Inspired by nonuniformly surface-
modified dendrimers17-19 (where there are more than one type
of chemical functionality at terminal ends) synthesized with the
convergent approach,20,21we use molecular simulation to explore
static and dynamic conformational properties for a range of
dendrimers with different surface-modified topologies.

Several workers have used Monte Carlo,22 molecular dynam-
ics,23 and Langevin dynamics24 simulations to study the structure
and scaling properties of homo-dendrimers in solution; high-
lights from these studies are discussed in a recent review.25

Murat and Grest24 used Langevin dynamics to perform the first
computational study examining the effects of solvent quality
on a single, flexible homo-dendrimer in solution. They dem-
onstrated that the monomer density decreases moving radially
away from the dendrimer core and that terminal monomers are
located at all distances from the core. This so-called “back-
folding” phenomenon has since been confirmed experi-
mentally.26-28 Because the solvent is modeled implicitly through
a white noise term in Langevin dynamics, Karatasos et al.23

conducted molecular dynamics simulations of a homo-dendrimer
in explicit solvent. These authors also observed backfolding in
dendrimers at the theta condition, where interactions between
the monomers and solvent are equally favorable.

Only a few molecular simulation studies have considered
dendrimers composed of more than one type of monomer, where
each monomer type interacts differently with the surrounding
solvent, i.e., an amphiphilic dendrimer.16 Connolly et al.29 used
Metropolis Monte Carlo to study amphiphilic dendrimers of
generation 1-7, with varying spacer length (number of bonds
between branch points) where the solvent was modeled implic-
itly by tuning the effective monomer-monomer interactions.
Giupponi and Buzza30 used lattice-based configurational-bias
Monte Carlo to study amphiphilic dendrimers by altering the
relative strengths of terminal monomer-solvent and interior
monomer-solvent interactions. In both studies, the dendrimers
formed micelle-like structures, with the monomers in poor
solvent congregating in the dendrimer’s interior, regardless of
whether they were, topologically speaking, a terminal or interior
monomer.

In this paper, we perform molecular dynamics simulations
of amphiphilic dendrimers with different arrangements of
terminal monomers in explicit solvent. Highlights of our results
include the following. Amphiphilic dendrimers form micelle
structures with the solvophilic monomers congregating at the
surface. At higher generations, the appearance of solvophilic
monomers at the surface was reduced due to surface crowding.
The arrangement of terminal monomers in the nonuniformly
surface-modified dendrimers only had an effect on the structure
and monomer mobility of the higher generation dendrimers.
Lowering the simulation temperature, which effectively in-
creased the interaction strength between solvophilic monomers
and solvent, reduced the backfolding of terminal monomers and
increased the asphericity of the higher generation dendrimers.

The paper is organized as follows. Section 2 details our model
and simulation technique. The static and dynamic properties
and the effects of temperature are presented in section 3. A brief
summary and further discussion are given in section 4.

2. Method

We simulated a single dendrimer in explicit solvent using
molecular dynamics. The dendrimer model consists of bead-* Corresponding author. E-mail: mhlamm@iastate.edu.
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spring, freely jointed united-atom monomers. The solvent mole-
cules are modeled as united-atom spheres. Molecular dynamics
trajectories were generated by solving Newton’s equations of
motion, where the position,r i(t), of theith monomer or solvent
particle with mass,m, is given by

where rij is the distance between monomers and/or solvent
particles. Nonbonded interactions,ULJ, are calculated with a
truncated and shifted Lennard-Jones interaction potential31

whereε is the well depth,σ is the particle diameter andrcij is
the cutoff radius. For all monomers and solvent particles,ε )
1, σ ) 1, andm ) 1. Values selected for the cutoff radius will
be discussed below. The bonded monomer interactions,Ubond,
are calculated with a harmonic spring potential

whereK ) 1662ε/σ2 is the spring constant andr0 ) σ is the
equilibrium bond length.

The dendrimers in this study haveN monomers (including
the core), governed by the formula32

whereg is the number of generations,b is the branch point
functionality, andn is the number of bonds between branch
points. In all simulations,b ) 3 andn ) 2. Figure 1 illustrates
the dendrimer model forg ) 3 (G3). There are two types of
monomers in the simulation: (i) solvophilic, which have
attractive and repulsive interactions with the solvent particles,
and (ii) solvophobic, which have only repulsive interactions with
the solvent particles. The interactions of solvophilic and
solvophobic monomers with solvent particles are implemented
by selecting cutoff radii ofrcij ) 2.5σ and rcij ) 21/6σ,
respectively. All particles (solvophilic and solvophobic mono-
mers, solvent) experience attractive interactions with their own
type and thus have a cutoff radii ofrcij ) 2.5σ. Solvophilic and
solvophobic monomers have repulsive interactions and thus have
cutoff radii of rcij ) 21/6σ. The cutoff radii for all particles are
summarized in Table 1.

All monomers that are bonded to two or more monomers
(core, branch point, and spacer) are considered interior mono-
mers and are solvophobic. This is different from the two
previous studies29,30 in that they considered all monomers in
the terminal generation to be terminal monomers. This difference
results in roughly 50% of monomers in the previous studies
being terminal while only 25% in the present study are terminal
monomers. Terminal monomers are varied from all solvophobic
to all solvophilic, depending on the arrangement being simu-
lated. The uniformly solvophilic terminal monomer case is most
similar to the “inner-H” case of ref 29 and the C1 and C2 cases
of ref 30. Another difference between the three studies is that
in the present study an interior monomer has the same attraction
toward a terminal monomer or the solvent while in the two
previous studies an interior monomer preferred to interact with
a terminal monomer more than the solvent. We examined two
nonuniform terminal monomer cases that could plausibly be
constructed using a convergent synthesis method.20 The first
case consists of the different arrangements possible when half
of the terminal monomers are solvophobic and the other half
are solvophilic. Figure 1 shows the three possible combinations
to achieve a symmetric half and half case for G3 dendrimers.
There is a minimum of four bonds between solvophobic and
solvophilic terminal monomers in a G3-1_2 dendrimer. There
is a minimum of eight bonds between the two types of terminal
monomers in a G3-2_4 dendrimer. The first number in the
naming convention is the generation, the second is the number
of solvophobic terminal monomers in the outlined area of Figure
1, and the third is the total number of terminal monomers in
the outlined area. The second case consists of one of the three
dendritic wedges attached to the core being terminated with
all solvophobic monomers and the other two being termi-
nated with all solvophilic monomers. These dendrimers are
named G3-8_24 (shown in Figure 1), G4-16_48, G5-32_96,
G6-64_192, and G7-128_384, where the second number is the
number of solvophobic terminal monomers in the dendrimer
and the third is the total number of terminal monomers.

The dendrimers were constructed with a series of self-
avoiding random walks (step length≈ r0) from the core
monomer, following the algorithm used by Lescanec and
Muthukumar,33 until the desired generation was achieved. For
G7, it was impossible to build dendrimers from the core without

Figure 1. Four arrangements used for a nonuniform solvophobic/solvophilic exterior G3 dendrimer. The dendrimers are named, from left to right,
G3-1_2, G3-2_4, G3-4_8, and G3-8_24 (see text for explanation). The white circles are solvophobic monomers, and the black are solvophilic
monomers. In the symmetric arrangements, the dotted line outlines the fewest number of monomers needed to trace the number of bonds between
solvophilic and solvophobic terminal monomers.

m
d2

dt2
r i(t) ) -∇∑

j

[ULJ(rij) + Ubond(rij)] (1)

ULJ(rij) ) {4ε[(σ
rij

)12
- (σ

rij
)6

- ( σ
rcij

)12
+ ( σ

rcij
)6], rij e rcij

0, rij > rcij

(2)

Ubond(rij) ) K(rij - r0)
2 (3)

N )
nb[(b - 1)g+1 - 1]

b - 2
+ 1 (4)

Table 1. Cutoff Radii for All Pairs of Monomers and Solvent
Particles

particlei particlej r cij

solvophobic monomer solvophobic monomer 2.5σ
solvophobic monomer solvophilic monomer 21/6σ
solvophobic monomer solvent particle 21/6σ
solvophilic monomer solvophilic monomer 2.5σ
solvophilic monomer solvent particle 2.5σ
solvent particle solvent particle 2.5σ
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gross overlap of monomers. In these cases, we used a relaxed
dendrimer of the previous generation as a starting point.24

Solvent particles were then randomly added to the simulation
volume, avoiding gross overlaps of particles and monomers,
until a number density of 0.6 particles and monomers per unit
volume was achieved. Table 2 shows the number of monomers
and the range of solvent particles that were simulated for a
dendrimer of a specific generation. The side length of the cubic
simulation region was chosen to be 5-6 times the relaxed radius
of gyration of the dendrimer, so that the dendrimer would not
interact with periodic images of itself. To be certain that the
results would not be affected by this choice of box size, a
uniformly solvophilic terminated G3 dendrimer was simulated
in larger periodic boxes.23 There was no evidence of size effects
on the static (structure factor) or dynamic (mean-square
displacement and autocorrelation functions) properties of the
dendrimer.

The simulations were carried out using LAMMPS 2004,34,35

with a time step of∆t ) 0.0012τ, where τ ) σxm/ε. The
initial configuration was relaxed for 2 million time steps at
the desired temperature using the Nose´-Hoover thermo-
stat.31 The simulation temperatures chosen werekBT/ε[)]T* )
3.33, 1.5, and 0.67, wherekB is the Boltzmann constant. For
some cases, the run was repeated with a relaxation period of
500 000 time steps atT* > 6.5, where the dendrimer has a
more extended conformation, before relaxing the dendrimer
further for 1.5 million time steps atT* ) 3.33. In both cases
the equilibrium properties of the dendrimer were very sim-
ilar. The thermostat was then turned off, and the production
portion of the simulation was run for 10 million time steps at
constant energy, so that the dynamic properties would be
independent of the thermostat. The longest relaxation time can
be estimated asτr ) Rg

2/(6D), where D is the diffusion
coefficient andRg is the radius of gyration. This is the time
required for the dendrimer to move a distance equal to its own
size.36 All G7 dendrimers, the largest and slowest moving of
the dendrimers simulated, hadτr e 1000τ. Thus, snapshots of
the monomers’ positions were saved every 1000 time steps to
evaluate properties. The length of the production portion of the
simulation was 12000τ. The uniform solvophilic terminal
monomer cases for G3 and G6 as well as the uniform
solvophobic terminal monomer case for G3 were repeated for
two additional initial configurations, so that averages and
standard deviations could be reported.

3. Results and Discussion

In this section we discuss the results of the simulation runs.
All distances are reported in units ofσ and times in units ofτ.
The radius of gyration, density profile, and shape analysis for
T* ) 3.33 will be discussed in the first subsection. The second
subsection will discuss the dynamic properties of mean-square
displacement and autocorrelation functions forT* ) 3.33. The
final subsection will examine the effect of temperature on the
static properties of dendrimers with uniform solvophilic terminal
monomers.

3.1. Static Properties.A measure of the overall size of a
dendrimer is the radius of gyration

whereR is the center of mass. Radii of gyration are shown in
Figure 2 for dendrimers with terminal monomers that are either
entirely solvophobic or solvophilic. The radius of gyration scales

Table 2. Number of Monomers and the Range of the Number of
Solvent Particles in a Simulation of a Dendrimer of a Specific

Generation

generation monomers solvent particles

3 91 2067-3467
4 187 4329-6530
5 379 6383-15362
6 763 13068-28087
7 1531 29153-34893

Figure 2. Average mean-square radius of gyration vs the number of
monomers in the dendrimer. Average of 10 000 snapshots taken
every 1000 time steps. Error bars are one standard deviation of the
mean and are shown when larger than the symbol size. The dashed
(solvophilic terminal monomers) and dotted (solvophobic terminal
monomers) lines are linear fits used to determine the fractal dimension.

Figure 3. Radial monomer densities for different generations of
dendrimers with uniform terminal monomers: (a) solvophobic and (b)
solvophilic. The solid lines are the density of all monomers in each
dendrimer. The dotted and dashed lines are the density of solvophobic
and solvophilic, respectively, terminal monomers and are color-coded
to the corresponding total density line. The data shown are the average
of 10 000 snapshots taken every 1000 time steps. The error bars, of
four arbitrarily chosen points, are one standard deviation of the mean.

〈Rg
2〉 )

1

N
∑

i

N

|r i - R|2 (5)
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with N, asRg
2 ∝ N2/df, wheredf is the fractal dimension.37 The

fractal dimensions for dendrimers with solvophilic and solvo-
phobic terminal monomers are 3.19( 0.07 and 3.30( 0.03,
respectively. Although these fractal dimensions are greater than
the dimensionality of Euclidean space, these results roughly
describe theRg ∝ N1/3 scaling behavior seen for dendrimers in
poor solvents by previous studies.38,39

The radial monomer density profile,F(r), shows the number
of monomers within a spherical shell of radius,r, and thickness,
0.083σ, from the dendrimer center of mass per volume of the
shell. Radial monomer density profiles will be displayed for
all monomers and for each type of terminal monomer. Figure 3
shows the density profiles for dendrimers with uniform terminal
monomers. The solvophobic exterior case demonstrates that the
core is the most dense region of the dendrimer and the density
decreases as the exterior is approached. The profiles also
demonstrate backfolding, as terminal monomers are located at
all distances from the center of mass. As dendrimer generation
increases, the probability of finding a terminal monomer near
the center of mass also increases. For all generations, the total
monomer density between the center of mass and the surface
plateaus at the same density. The plateau has greater density
than the total system density and is a result of a deficit of
material immediately surrounding the dendrimer that reduces
unfavorable interaction of solvophobic monomers and solvent.

The solvophilic exterior case shows that for generations less
than six the solvophilic terminal monomers are drawn away
from the center and toward the solvent outside the molecule.
For G6 and greater the solvophilic terminal monomers are
located throughout the molecule, presumably forced back by
overcrowding at the surface due to the fact that as generation
increases the number of terminal monomers increases expo-
nentially while the available surface area only increases as a

square. The total monomer density plateau that exists for the
completely solvophobic case disappears, except for G6 where
the profile shifts from monotonically decreasing (for lower
generations) to profiles with a minimum between the center of
mass and the surface. This minimum allows for the presence
of solvent inside the dendrimer. Inside the dendrimer, solvent
particles have a radial density (not shown) that is slightly less
than the density of solvophilic monomers.

It is possible that the generation at which solvophilic terminal
monomers are forced inward depends on the system density.
For example, in a system of higher density, the generation at
which solvophilic terminal monomers distribute throughout the
dendrimer interior might be smaller than that for a system of
lower density. To determine whether the presence of solvophilic
terminal monomers near the core for a given generation is
dependent on system density, a solvophilic exterior G6 den-
drimer was simulated with a system of number density 0.3. The
density profile was similar to the profile for the system with

Figure 4. Radial monomer densities for different generations of dendrimers with nonuniform (50% solvophobic and 50% solvophilic) terminal
monomers: (a) G4, (b) G5, (c) G6, and (d) G7. Symbols and averaging as in Figure 3.

Figure 5. Radial monomer densities for different generations of
dendritic wedge dendrimers. Symbols and averaging as in Figure 3.
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number density 0.6, with terminal monomers appearing near
the center of mass. A solvophilic exterior, G5 dendrimer was
simulated in a system with number density 0.9, and the density
profile was similar to the profile with number density 0.6, with
no terminal monomers appearing near the center of mass.

Now we examine the case where dendrimers have nonuniform
terminal monomers consisting of half solvophobic and half
solvophilic terminal monomers. Figure 4 shows density profiles
for dendrimers G4 to G7 with nonuniform terminal monomers.
The arrangement of solvophilic and solvophobic terminal mono-
mers does not affect the density profile of nonuniform terminal
monomer dendrimers for generations less than six. At higher
generations, crowding at the surface influences the arrangement
of the terminal monomers. For G6-1_2, G7-1_2, and G7-2_4,
solvophilic terminal monomers are found near the center of
mass, whereas for the other G6 and G7 terminal group con-
figurations the solvophilic monomers remain at the surface. This
can be explained by noting the minimum number of bonds
between solvophilic and solvophobic terminal monomers for a
given arrangement. To relieve overcrowding at the periphery,
portions of the dendrimer must backfold into the interior. For
terminal monomer arrangements with a low repeat pattern, this
means that some solvophilic monomers will be taken into the
dendrimer’s interior because there are not enough bonds
separating the opposing monomers to allow them to segregate.
As the repeat pattern increases, larger and larger portions of
the dendrimer are free to segregate, thereby allowing the
solvophilic terminal monomers to remain at the surface while
the solvophobic terminal monomers backfold into the interior.

Next we consider nonuniform terminal monomer dendrimers
built by keeping the terminal monomers on each of the three
dendritic wedges attached to the core the same so that two-
thirds of the terminal monomers are solvophilic and the
remaining third are solvophobic. Figure 5 shows the density
profiles for these dendrimers. There is sufficient room at the
surface of the dendrimer up to G7 for all solvophilic monomers
to appear near the surface.

The density profiles shown may be misleading if the molecule
is adopting an oblong shape where a uniform distance from the
center of mass does not represent the “surface”. To test for this
possibility, we characterized the shape of the dendrimer by
calculating the asphericity40,41

whereI1 and I2 are the first two invariants

andλ1, λ2, andλ3 are the eigenvalues of the gyration tensor

whereu and V ) x, y, and z. The asphericity parameter can
take values ranging from zero (sphere) to one (line). Table 3
shows that as the dendrimer generation increases, the asphericity
decreases. The uniform solvophilic terminal monomer cases are
more aspherical than their solvophobic analogues, and all non-
uniform terminal monomer cases are between the two nonuni-
form cases, except for G7. In the 50/50 cases we see a mini-
mum asphericity in the middle of the range of the minimum
number of bonds between different terminal monomer types.
All asphericity values are less than 0.1 (corresponding to one
moment being 2.4 times larger than the other two or two
moments being 3.6 times larger than the third, which are the
extrema for all possible combinations of moments that have an
asphericity of 0.1), implying the dendrimer does not take
conformations that deviate a large amount from a spherical shape
for all generations and configurations. Thus, radial density
profiles are appropriate for determining the location of terminal
monomers in these systems.

3.2. Dynamic Properties.We next examine the dynamic
properties of the dendrimer. The translational diffusion coef-
ficient, D, of the dendrimer can be determined by31

where the bracketed term is the center-of-mass mean-square

Table 3. Asphericity of Dendrimers with Configuration and Generationa

arrangement G3 G4 G5 G6 G7

solvophobic 0.082 (0.018) 0.052 (0.008) 0.032 (0.003) 0.022 (0.001) 0.012 (0.0004)
solvophilic 0.096 (0.026) 0.063 (0.012) 0.052 (0.007) 0.048 (0.005) 0.022 (0.002)
“one-third” 0.094 (0.025) 0.059 (0.010) 0.049 (0.006) 0.034 (0.003) 0.023 (0.001)
1_2 0.087 (0.020) 0.057 (0.010) 0.038 (0.004) 0.030 (0.002) 0.018 (0.001)
2_4 0.086 (0.021) 0.051 (0.008) 0.035 (0.004) 0.030 (0.002) 0.022 (0.001)
4_8 0.091 (0.022) 0.055 (0.009) 0.034 (0.003) 0.025 (0.002) 0.017 (0.001)
8_16 0.060 (0.010) 0.032 (0.003) 0.022 (0.001) 0.013 (0.001)
16_32 0.042 (0.005) 0.024 (0.002) 0.015 (0.001)
32_64 0.031 (0.002) 0.014 (0.001)
64_128 0.029 (0.002)

a Results are averages over 10 000 snapshots taken every 1000 time steps. One standard deviation from the mean is inside parentheses. Solvophobic and
solvophilic refer to uniform terminal monomer cases. “One-third” refers to whole dendritic wedge configuration with one-third of terminal atoms being
solvophobic.

Figure 6. Mean-square displacement of the center of mass for different
generations of dendrimers with uniform terminal monomers. The solid
line is the mean-square displacement of the uniform solvophobic
terminal monomer dendrimer, and the dashed line is that of the uniform
solvophilic terminal monomer dendrimer. The error bars, of four
arbitrarily chosen points, are one standard deviation of the mean.

δ ) 1 - 3〈I2〉/〈I1
2〉 (6)

I1 ) λ1 + λ2 + λ3 (7)

I2 ) λ1λ2 + λ2λ3 + λ1λ3 (8)

GuV )
1

N
∑

i

N

(rui - Ru)(rVi - RV) (9)

D ) lim
tf∞

〈|R(t) - R(0)|2〉
6t

(10)
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displacement. The dendrimer’s center-of-mass mean-square
displacement as a function of generation is given in Figure 6.
It shows that the dendrimer’s mobility decreases as its generation
(mass) increases. It also indicates that as one goes from uniform
solvophobic terminal monomers to the solvophilic analogue,
which increases the radius of gyration, the mobility is decreased
despite its increased attraction/affinity for the solvent. Therefore,
it appears that linear/volumetric size is the driving force for
mobility.

The rotational autocorrelation function

of the molecule describes how fast the molecule is rotating
and is best described by how a unit vector,ei, from the cen-
ter of mass to a point on the surface is changing. Since the
terminal monomer density profiles show that terminal mono-
mers are most likely of all monomers to be at the surface,
ei is defined as the unit vector from the center of mass to a
terminal monomer. Figure 7 shows the rotational autocorrelation
function for dendrimers with uniform solvophobic and solvo-
philic terminal monomers. It agrees with previous studies23,42

that show the relaxation is slower as the generation increases.
It also shows solvophobic dendrimers relaxing faster than
solvophilic, since the radii of gyration of dendrimers with
solvophilic exteriors are larger so slower relaxation is not
surprising.

The mobility of the terminal monomers is an important
property to consider for applications where dendrimers are
functionalized with ligands so that they may target and interact
with cells and other biological species. The pulsations of
terminal monomers can be measured by the autocorrelation

Figure 7. Rotational autocorrelation function for different genera-
tions of dendrimers with uniform terminal monomers. Symbols as in
Figure 6.

Figure 8. Terminal monomer pulsation autocorrelation function for
different generations of dendrimers with uniform terminal monomers.
Symbols as in Figure 6.

Figure 9. Terminal monomer pulsation autocorrelation function (ACF) for different generations of dendrimers with nonuniform terminal
monomers: (a) G4, (b) G5, (c) G6, and (d) G7. The solid line is the ACF of the solvophobic terminal monomers, and the dashed line is that of the
solvophilic terminal monomers. The cyan lines represent the ACF of dendrimers with uniform terminal monomers for that generation.

Crot(t) ) 〈ei(0)‚ei(t)〉 (11)
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function of the terminal monomer to center-of-mass distance

where the subscript “Tx” refers to the type of terminal monomer
and hi is the distance between the center of mass and theith
terminal monomer. Figure 8 shows the pulsation autocorrelation
function for dendrimers with uniform solvophobic and solvo-
philic terminal monomers. The mobility of terminal monomers
decreases as the generation increases. The relative mobility of
solvophobic to solvophilic terminal monomers increases with
increasing generation until G6. At G7 the autocorrelation
functions crossover each other before they have relaxed below
the threshold ofChTx

2 ) 0.2.
Figure 9 shows the pulsation autocorrelation function for

dendrimers with patterned terminal monomer arrangements.

Here we see the solvophobic terminal monomer retains a fairly
constant mobility for a given generation. As the repeat pattern
increases, thereby increasing the number of bonds between
solvophilic and solvophobic terminal monomers, the mobility
of the solvophilic monomer increases. The mobility of solvo-
philic monomers drops off somewhat at the maximum repeat
pattern. We see that in the G6-1_2, G7-1_2, and G7-2_4 cases,
where solvophilic terminal monomers are found in the interior,
they are less mobile than the solvophobic terminal monomers.
Overall, the solvophobic/solvophilic arrangement of terminal
monomers has less effect on mobility for small generations than
it does for large generations.

The orientational mobility of the terminal bond can be
measured with the autocorrelation function of the unit vector
from the terminal monomer to its bonded monomer

Figure 10 shows the terminal bond autocorrelation function. The
bond reorientates itself more freely with the solvophobic
terminal monomer than with the solvophilic terminal monomer.
Figure 11 shows the terminal bond autocorrelation function for
dendrimers with patterned terminal monomer arrangements.
Here we see the solvophobic terminal bond’s mobility is
independent of its proximity to solvophilic bonds. Among the
cases with solvophilic terminal monomers, the relaxation of the
solvophilic terminal bond is always fastest for the dendrimer
with uniform solvophilic terminal monomers. This is in contrast
to the trend observed for solvophilic terminal monomer pulsa-
tions in Figure 9.

3.3. Temperature Effects.In this section we examine the
effects of temperature by comparing dendrimers with uniform
solvophilic terminal monomers that were relaxed at reduced
temperatures of 3.33, 1.5, and 0.67. Figure 12 shows the radius

Figure 10. Terminal bond unit vector autocorrelation function for
different generations of dendrimers with uniform terminal monomers.
Symbols as in Figure 6.

Figure 11. Terminal bond unit vector autocorrelation function for different generations of dendrimers with nonuniform terminal monomers: (a)
G4, (b) G5, (c) G6, and (d) G7. Symbols as in Figure 9.

Cbond(t) ) 〈bi(0)‚bi(t)〉 (13)

ChTx
2 (t) )

1

NTx
∑

i

NTx〈hi
2(0) hi

2(t)〉 - 〈hi
2〉2

〈hi
4〉 - 〈hi

2〉2
(12)
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of gyration vs generation for different temperatures. The radial
monomer density profiles resolved into generations for G6 at
reduced temperatures of 3.33 and 1.5 are shown in Figure 13.
As the temperature decreases, the radius of gyration decreases
and the monomer density plateau level increases, indicating the
dendrimer is more compact. As the temperature decreases, the
core monomer is more likely to be further away from the center
of mass and there is less backfolding of monomers toward the
center of mass. Figure 14 shows the asphericity vs generation
for different temperatures. AtT* ) 0.67, there is a local
minimum at G6. Here energy dominates entropy, so all of the
solvophilic monomers have congregated with the terminal bonds
pointed away from the center of mass and as generation
increases the surface coverage of solvophilic monomers in-
creases until G6. At G7 the dendrimer was forced to adopt a

more aspherical conformation to increase the surface area. At
T* ) 3.33, the asphericity decreases monotonically with
increasing generation because the entropy has more influence
over shape than the energy so that as more monomers are added
(generation increases) the average conformation is more spheri-
cal, which maximizes the available volume, thereby increasing
the number of possible conformations. Another possibility is
that since raising the temperature in our system has the effect
of decreasing the strength of attraction between pairs of
monomers with attractive potentials, we have made our uniform
solvophilic terminal monomer case more similar to the solvo-
phobic analogue, where asphericity decreases monotonically
with increasing generation. AtT* ) 1.5, we see a minimum
asphericity at G5. The finding of a minimum asphericity
occurring between G4 and G6 (inclusive) in this study forT*
e 1.5 is similar to what was seen in the previous coarse-grained
amphiphilic dendrimer studies29,30 and an atomistic PAMAM
dendrimer study.43 An exception is that only ref 29 saw an
elongation of the dendrimer, this despite the similarities between
the models of refs 29 and 30, i.e., (i) a greater fraction of
monomers are terminal monomers and (ii) the interior monomers
prefer to interact with terminal monomers rather than the solvent.
At G7 the asphericity increases with decreasing temperature and
at G6 the asphericity decreases with decreasing temperature,
although the asphericities for G6 at reduced temperatures 1.5
and 3.33 are within a standard deviation of each other. For G5
and below, the asphericity has minima at a reduced temperature
of 1.5. This difference in trends may warrant additional study.

4. Conclusion

We used molecular dynamics to simulate amphiphilic den-
drimers in explicit solvent. We found that amphiphilic den-
drimers form micelle structures with the solvophilic monomers
congregating at the surface. The ability of solvophilic monomers
to congregate at the surface did not change below G6. At G6
and above, the uniform solvophilic terminal monomers were
found throughout the dendrimer due to surface crowding. For
the nonuniform terminal monomer G6 and G7 cases, if the
number of bonds between the two types of terminal monomers
was not large enough, a fraction of the solvophilic terminal
monomers were found near the center of mass.

The global dynamics of the dendrimer slowed as the radius
of gyration of the dendrimer increased, which was caused by
either increasing generation or changing the terminal monomers
from solvophobic to solvophilic. The local dynamics of the
solvophilic terminal monomers was affected by the number of
bonds between the two types of terminal monomers for G6 and
G7. The local dynamics of the solvophobic terminal monomers
did not change within generations for all generations.

Figure 12. Radius of gyration vs generation for dendrimers with
uniform solvophilic terminal monomers. The solid, dashed, and dotted
lines areT* ) 3.33, 1.5, and 0.67, respectively. The error bars are one
standard deviation of the mean. The lines are shown to guide the eye.

Figure 13. Radial monomer density profile resolved into generations
for G6 at reduced temperatures: (a) 3.33 and (b) 1.5. Each line shows
the density of monomers from one generation of the dendrimer in
addition to the core monomer and a total monomer density. The data
shown are the average of 10 000 snapshots taken every 1000 time steps.

Figure 14. Asphericity vs generation for dendrimers with uniform
solvophilic terminal monomers. Symbols as in Figure 12.
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As the simulation temperature was lowered, the uniform
solvophilic terminal monomer dendrimers behaved less similar
to the uniform solvophobic dendrimers with the G6 dendrimer
avoiding the need for backfolding. The asphericity trends
changed from monotonically decreasing (high temperature) to
the presence of a minimum (lower temperatures).

Because of their ability to form unimolecular micelles,
amphiphilic dendrimers can accomplish with one molecule what
would require multiples of other molecules. This, coupled with
the molecular “tuning” capability afforded by recent progress
in dendrimer synthesis, makes dendrimers unique among
macromolecules. In this paper, we have investigated how
variations in terminal group chemistry impact the conformational
and dynamic properties of dendrimers in solution. To our
knowledge, this is the first study of its kind to explore the effects
that nonuniform amphiphilic topologies have on dendrimer
behavior.
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