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Tuning the Density Profile of Dendritic Polyelectrolytes
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ABSTRACT: Using Monte Carlo simulations, we demonstrate that the shape of the intramolecular density
profile of dendritic polyelectrolytes in solution can be tailored by varying the ionic strength of the solvent.
Further, we find that a reversible transition between a “dense core” and a “dense shell” dendritic structure
may be observed as the ionic strength is cycled from high to low. We present the necessary conditions
in terms of salt concentration and various molecular variables such as generation number, spacer length,
and number of charges, for realizing the potential of dendrimers as hosts in controlled-release and similar

applications.

1. Introduction

The potential application of dendrimers in an array
of technologically important roles has fueled the rapid
growth of research in this field. A wide synthetic
variety of dendrimers have been made with the aim of
utilizing these molecules as hosts in controlled-release
systems and as catalytic substrates.!=3 The nature of
the intramolecular density profile and the position of
the terminal groups are critical in these applications.
Ideally, the branches of the dendrimer would be highly
extended at each generation of growth, with branch
termini lying at the periphery of the molecule, as
illustrated in Figure 1A. Several theoretical*~1? and
experimental’3~20 studies have addressed the possibility
of this occurring in flexible dendritic systems. Some
experimental evidence,6720 however, suggests that this
behavior is not realized. Consideration of the confor-
mational entropy of the molecule provides an under-
standing of the observed phenomena. To maximize the
entropy, flexible dendrimers access many conformations
that are inconsistent with the “dense shell” picture.*
This exploration of phase space results in a “dense
core”>7~12 average conformation, as pictured in Figure
1B. If, however, the extended branch conformations
were made far more energetically favorable, then the
entropy would be reduced to accommodate this energy
difference, and the dense shell picture would be recov-
ered. In this article we present a prescription for
achieving this goal by exploiting Coulombic interactions.

In polyelectrolytic dendrimers, charge—charge repul-
sions may be minimized by forcing the charged moieties
as far apart as possible. This should result in an
expansion of the dendrimer with a corresponding rear-
rangement of the density profile. The DOSY NMR
studies of Young and co-workers2! and the SANS work
of Briber and co-workers?? both suggest this. These
studies indicate that changing the pH of dendritic
solutions results in a corresponding change in observed
conformational properties. We explore this polyelec-
trolytic behavior in this study. Our results indicate not
only that the dense shell picture may be realized, but
also that the intramolecular density profile may be
tuned from that of the dense core to that of the dense
shell model with experimentally accessible parameters
such as salt concentration or solvent pH, as illustrated
in Figure 1.
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Figure 1. (A) Hollow core, “dense shell” picture. (B) “Dense
core” picture. These are representative snapshots from the
statistical ensembles generated in this study for the sixth
generation with two springs between branch points.

To test this hypothesis, we applied the Monte Carlo
computer simulation technique to the problem. The
details of the model and algorithm are presented in
section 2. In section 3, results that support our conjec-
ture and a brief discussion of the possible applications
of these findings are presented. A summary is provided
in section 4.

2. Model and Simulation Technique

2.1. Model. A bead—spring, united atom model was
utilized to represent the synthetic dendrimers, as shown
in Figure 2. The springs play the role of bonds and the
beads that of the molecule’s mass. Each bead is of the
same diameter. The coarse-grained models studied are
topologically the analogue of poly(propylenimine) den-
drimer. The unit charge was placed at all branch
junctions and terminal groups, corresponding to a fully
methylated or highly charged pH-sensitive synthetic
system. The charged beads are illustrated in gray in
Figure 2.

2.2. Energetics. Bonded interactions, excluded
volume interactions, and charge—charge repulsions
were considered in our study, as illustrated in Figure
2. The energetics of the model dendrimers were de-
scribed by the following potential:
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Figure 2. Bead—spring model employed in this study. The
charged beads are gray.
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The first term, a finitely extensible nonlinear elastic
(FENE) potential, maintains the elastic connectivity of
the bonds. This term permits fluctuations in the
statistical bond length to facilitate equilibration of the
model. The FENE is similar to the harmonic, “spring”
potential but maintains a maximum and minimum limit
on the bond length. Here, N is the total number of
beads in the molecule and K is the spring constant. R
= Imax — lo With Iy = (Imax + Imin)/2. i, Imax, @and Imin are
the length of bond i, the maximum, and the minimum
bond lengths, respectively. The values of the param-
eters were chosen to scale the simulation in units of
Bjerrum length and to prevent the occurrence of phan-
tom chains. The value of the Bjerrum length, Ig, in
water at room temperature is 7.1 A.22 In synthetic
systems, the distance between branch points is esti-
mated to be on the order of 5 A. For model systems
with one spring between branch points, |, should cor-
respond to this experimental value. Therefore, we set
l, =5 A/lz = 0.7 to yield one simulational unit equal to
7.1 A. To prevent nonphysical bond crossing, after
Binder et al.,?* we have taken K = 20.0, Ijhin = 0.4, and
Imax = 1.0.

The second term, the Morse potential, models the
excluded volume interactions between nonbonded beads.
Similar to the Lennard-Jones potential, this term is
characterized by a repulsive core at short distances and
an attractive tail at long distances. Therefore, simula-
tions may be performed in good, ®, and poor solvents.
However, this potential is more computationally ef-
ficient because the attractive tail falls off more rapidly
with distance than does the Lennard-Jones expression.
Thus, a linked-cell technique was employed to truncate
this term at a length of one cell box. ¢ and a are
strength and range parameters, respectively. rjj is the
distance between beads i and j. d is the bead diameter.
To ensure computational efficiency, after Binder et al.,2*
we chose oo = 24.0 such that the Morse term falls to zero
for rij = 1.25d. Thus, d = 0.8 yields a linked-cell of unit
dimension. ¢ was set to unity and solvent quality
determined by kgT, the thermal energy. Both the FENE
and Morse potentials were hashed and results compared
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with nonhashed, exact simulations. No difference in
accuracy was observed for the parameters chosen.
The third term, the Debye—Hiuckel potential, ap-
proximates the repulsive Coulombic interactions. This
term allows for the parametrization of solvent ionic
strength via «, the inverse Debye screening length,
which is proportional to the added salt concentration.

K= 4ﬂIBZcizi2 ®)

Here, ¢i and z; are the concentration and valence of the
ith ion, respectively. The potential falls off rapidly at
low values of Debye length, corresponding to high salt
concentrations but is long-ranged for large values,
representing low salt concentrations. X indicates that
the summation runs over N; trifunctional and terminal
beads. «! was adjusted within the range of experi-
mentally obtainable values, 3—300 A, corresponding to
salt concentrations of 1 M to 0.1 mM. This term was
calculated exactly for every pairwise interaction in the
system: no truncation was performed on the charge—
charge interactions.

Since our objective was to simulate polyelectrolytic
dendrimers in good solvent conditions, solvent quality
was studied for noncharged analogues by analysis of the
dependence of the mean-squared radius of gyration,
[Rqy20relative to its value at ©-conditions, R¢?[d, as a
function of temperature. Ryl was determined from
the Gaussian form factor via Guinier law plots. The
details of these calculations are outlined in ref 25. kgT
was set to 0.7, well within the good solvent region for
these models.

2.3. Algorithm. Metropolis Monte Carlo simula-
tions employing a bond-fluctuation algorithm adopted
from Milchev and Binder?* were used to generate the
statistical ensembles. Random self-avoiding walks com-
plying with the bond length constraints were generated
for initial conditions. These configurations were then
relaxed for 30 000 perturbations prior to collecting
statistics. The algorithm is straightforward. A bead is
chosen at random and its location perturbed by AX, AY,
and AZ in the range of +0.5 simulational units. The
energy change, AU, for the transition from the prior
conformation to the new conformation is then calcu-
lated. If AU is negative, the new conformation is
accepted. If not, it is accepted or rejected according to
the Metropolis criteria.?® Specifically, a random number
in the range of 0 to 1 is chosen. If the random number
is less than the Boltzmann factor for the transition,
e AUksT then the new conformation is accepted. Oth-
erwise, the previous conformation is restored. This
process is repeated for millions of cycles and the physical
properties of the molecule are calculated every 10 000
Monte Carlo steps, each step representing N perturba-
tions. These instantaneous values are used to generate
running averages.

Three variables were examined in this study: the
number of generations of growth, the number of springs
and noncharged beads between branch points, and «1.
Statistics were collected for 3 to 6 million Monte Carlo
steps. Approximately one-third of the perturbations
were successful, leading to ensemble populations of at
least 1 million configurations per simulation. Rapid
equilibration of the models was observed. Doubling the
number of Monte Carlo steps led to only a 0.7% change
in Ry20for the largest model studied.
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3. Results and Discussion

3.1. Scaling Analysis. Monte Carlo trajectories
were constructed from R42[to monitor the approach to
equilibrium. A strong dependence of [R4?0on « and N
was observed. An analysis of these results was facili-
tated by a simple Flory argument. The conformational
free energy for polyelectrolytic dendrimers is governed
by three components: an elastic connectivity term, an
excluded volume term, and a Coulombic interaction
term.

E
kB_T = l:elastic + I:excluded + FCoqumbic (3)

Feiastic Should, as in the linear case, reflect the scaling
behavior of dendrimers without excluded volume. Zimm
and Stockmayer?” showed that Rg? 0 NY2 for random
dendritic molecules. Thus,

R 2
I:elastic 0 N_f/z (4)

Examination of the pairwise interaction portion of the
Edwards Hamiltonian yields the sought after depen-
dence for the excluded volume and Coulombic repulsion
terms. In the limit of high salt concentration, the two
terms may be combined into an effective delta function
potential.28

H _i Nlo NI
kBT_ZIOZ o 98/
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Here, w is the familiar effective excluded volume
interaction magnitude and is given by the binary-cluster
integral:

w= [ d’; [1— e tifeT] (6)

uj; is the pairwise nonbonded interaction, the Morse
potential in this study. Numerical evaluation of eq 6
yields a value of 0.11 for w in this study. This was found
to be in good agreement with the value obtained by
fitting data from simulated linear molecules with the
well-known Flory crossover equation.?® R(s) is the
spatial location of the segments. s is the contour
position variable along the chain. The delta function
contributes a Ry2 scaling. Thus,

47E|B) N2 @

I:excluded + I:Coulombic O (W + E
g

2
K

Combination of egs 4 and 7 and minimization of F/kgT
with respect to Ry yields the following expected scaling
behavior for higher salt concentrations:

R 4l us
9 Bln5/4

K

Figure 3 illustrates the simulations’ agreement with
this prediction for generations three, four, and five with
one, two, and four springs between branch points. The
predicted behavior is observed for much of the data. The
scaling argument is most effective at reducing the data
for high values of « corresponding to the high salt
concentration limit, and for four springs between branch
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Figure 3. [R2¥? as a function of N and « for the, third, fourth,
and fifth generations. Data for one, two, and four springs
between branch points are presented in (A)—(C), respectively.
All lengths are in units of Angstroms.

points, corresponding to higher values of N where the
mean-field nature of the treatment is expected to be
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Figure 4. Smart behavior demonstrated in a polyelectrolytic fifth generation dendrimer with two springs between branch points.
«~T'was cycled from 3 A (high salt concentration) to 300 A (low salt concentration).

more applicable. However, the simulations included
Debye lengths spanning the range from high to low salt
concentrations. This is reflected in Figure 3 by the
deviation away from the predicted behavior at low
values of « and by the slope of approximately ;o as
opposed to the predicted /s.

3.2. Smart Behavior Observed. Figure 4 exempli-
fies the “smart” behavior predicted for these molecules.
Results from a single simulation of a fifth generation
dendrimer with two springs between branch points, in
which «~* was cycled from 3 to 300 A, are presented.
This figure demonstrates not only that a large percent
change in [R4?[)65% in this case, is effected with varying
Coulombic screening but also that the proposed corre-
sponding conformational rearrangement is achieved:
the model dendrimer redistributes its mass from a dense
core picture to that reflecting a dense shell representa-
tion. This figure also demonstrates two important traits
of the simulation. Since the same average value of [R420]
is recovered rapidly from differing initial conformations,
the results indicate the algorithm’s ergodicity and speed
of equilibration.

3.3. Density Profiles. The density profiles better
illustrate the transition from a dense core to a dense
shell average conformation. The average density pro-
files were calculated by dividing the space around the
configurational center of the model dendrimers into
concentric shells of thickness d. The average segment
density in each shell at a distance r away from the
center, [p(r)dis given as:

V
PO MO

mh(r)Ois the ensemble average number of beads in the

9)

shell at distance r. Vy, and Vg(r) are the volumes of the
beads and shells, respectively.

At 1 =3 A, corresponding to a high salt concentra-
tion, the density is observed to be monotonically decay-
ing with radial distance in accordance with the dense
core picture, as predicted by Lescanec and Muthuku-
mar.® However, as «~1 is increased to 64 A, correspond-
ing to low salt concentration, a minimum occurs near
the core, indicating increased porosity in the interior of
the molecule. This minimum is followed by a secondary
peak in density near the model’s periphery, approaching
the dense shell picture. The depth of this minimum and
the radial position of the secondary peak increases with
increasing «~1. This effect is most pronounced for the
higher generations and is absent in generations one and
two for one, two, and four springs between branch
points. Figure 5 is representative of the density profile
behavior. Results for the fifth generation of growth with
two springs between branch points are illustrated. The
density profiles of the terminal segments were also
examined. Regardless of the value of «~1, the terminal
groups are found to be dispersed throughout the mol-
ecule. However, the location of maximum terminal
group density does shift toward the periphery with
increasing «~1. This behavior is demonstrated in Figure
6, in which results for the fifth generation dendrimer
with four springs between branch points are illustrated.
x~1 was cycled from 3 to 300 A. In the high salt limit
the maximum terminal group density lies below the
Rq?(?/1g value of 4.80. However, in the low salt limit
the maximum falls above the [Rg?(}?/lg value of 9.22.
Further, the value of [Rs?G of the terminal groups is
found to be higher than that for the whole molecule,
regardless of the value of =1 and the corresponding
terminal group distribution. For example, in simula-
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Figure 5. Typical density profiles. Data for a fifth generation
dendrimer with two springs between branch points are shown.
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Figure 6. Typical density profiles for the terminal segments.
Data for a fifth generation dendrimer with four springs
between branch points are shown.

tions of sixth generation monocentric model dendrimers
analogous to poly(amido amine) with an ammonia core
and charged terminal groups, the ratio of [R@?F/R?0
shifts from 1.81 to 4.65 when «~1 is varied from 3 to
300 A.

3.4. Form Factors. To facilitate comparison with
SANS data, the spherically averaged single particle
form factor, S(q), was calculated.

1 N Nsin(G-ry)
S(G) = — S—— 10
(@) NZ;; — (10)
where

Iq] = 47” sin(g) (11)

A secondary peak in the single particle form factor is
observed to arise, and the magnitude of the peak is seen
to increase with increasing «~* for generations three and
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Figure 7. Typical structure factors for the model dendrimers.
The data have been shifted along the y-axis by 6 = n0.015
with n =0 for k1 =64 A and n = 6 for x* = 3 A. Data for a
fifth generation dendrimer with two springs between branch
points are shown.
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Figure 8. Comparison of experimental results for poly-
(propylenimine) dendrimers and the Monte Carlo results for
their bead—spring, topological analogues in the noncharged
limit.

above. The location of the maximum shifts to lower
values of |G| with increasing «~*. This peak corresponds
to the development of internal order whose length scale
increases with decreasing Coulombic screening. This
behavior, shown in Figure 7, is in qualitative agreement
with experimental observations for poly(amido amine)
dendrimers studied via SANS,?? though the experiments
were carried out at a higher concentration and include
intermolecular correlations. Results for the fifth gen-
eration of growth with four springs between branch
points are presented with «~1 in the range of 3 to 64 A.

3.5. Noncharged Limit. Figure 8 illustrates the
model’s relevance to experimentally realizable synthetic
systems. SANS results for poly(propylenimine) den-
drimers from the literature®® and our simulation results
in the noncharged limit are presented. Good agreement
is observed with a slight overprediction at higher
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generations. This systematic deviation likely arises
from the thermodynamic nature of the simulation.
Specifically, the exact value of kgT in the simulational
units corresponding to the solvent quality or magnitude
of the excluded volume interaction of the experimental
system is difficult to ascertain. Nonetheless, this
comparison does illustrate the applicability of the model
and algorithm to the study of synthetic systems.

3.6. Discussion. These results demonstrate two
technologically important properties of polyelectrolytic
dendrimers. First, the position of most terminal moi-
eties in the low electrostatic screening limit is on the
surface of the molecule. This is of particular signifi-
cance for the proposed catalytic and high-density cross-
linking applications that would take advantage of the
large number of reactive terminal groups. Second, not
only may the hollow core conformation be obtained in
the limit of low salt concentration or by adjusting the
pH, but the density profile may also be tuned to the
dense core picture by simply adjusting external experi-
mental constraints. This behavior is requisite for the
controlled release applications proposed for these
molecules.!=® One might imagine trapping a small
molecule inside a polyelectrolytic dendrimer at low salt
concentration or at low pH. Then, the small molecule,
a drug for example, may be delivered by placing the
guest—host complex in a high salt or neutral pH
medium to affect a rearrangement of the density profile.
This rearrangement may be expected to eject the guest
from its dendritic cage.

4. Conclusions

In conclusion, the dilute solution behavior of poly-
electrolytic dendrimers in solvents of various ionic
strengths has been examined by Monte Carlo simula-
tions. The intramolecular density profile is observed
to be heavily dependent upon the Debye screening
length. On the basis of these results, we predict that
the density profiles of synthetic systems are tunable
from that of the dense core to that of the dense shell
picture by manipulation of the salt concentration or pH
in aqueous solutions. Studies in the literature suggest
this possibility, but we present here the first clear
demonstration of the large changes in molecular dimen-
sion that are realizable. Finally, qualitative agreement
with scattering experiments on pH sensitive dendrimers
is observed.
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