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ABSTRACT: Results from molecular dynamics simulations are reported, describing self-organization in solutions
of charged dendrimer molecules upon variation of the strength of the electrostatic interactions, in the presence of
explicit solvent and counterions. Systems of two sizes bearing different surface charge densities are studied at
constant temperature and volume conditions. It is found that a systematic variation of Bjerrum length triggers a
mechanism associated with counterion spatial correlations, which drives the systems from an amorphous liquidlike
arrangement to an ordered state bearing the symmetry of a cubic phase. The role of dendrimer interpenetration,
trapping of counterions, and solvent depletion in the ordering process is also explored. As this study employs a
description which takes into account all the principal internal degrees of freedom of dendrimer molecules, the
conclusions drawn are expected to offer a fair description of the behavior of realistic systems bearing similar
dendritic topology.

I. Introduction In several of these studies, the traditional Poisd8altzmann

Dendrimers are treelike functional nanosized molecules for (PB) theory and its linearized Debyeliickel (DH) versiof®
which the recently developed synthetic protocols enable a have been proveninadequate to describe electrostatic phenomena
molecular-level engineering of features like size, shape, topol- Met in colloids and biological syster?’ Particularly when
ogy, flexibility, and surface chemistd? Because of their  €Xistence of strong electrostatic interactions promotes effects
intermediate nature between polymers and collgiplperties !lke charge_ inversion, attractions between similar charges and
of both of these classes of materials can be combined in iOn correlationg*2>282%s far as these efforts have progressed,
dendrimers in a controlled manner. Their practically monodis- the elementary mechanisms for self-assembly and complexation
perse nature and their high functionality render them promising in strongly charged electrolyte systems are considered to be only
building blocks to form special supramolecular structures and Partially understood Even more so, since attributes character-
very unique microenvironments® izing realistic systems such as a nonuniform surface charge

Their potential to form such structures by modification of density, deformable shape, explicit solvent, and interpenetration
their chemical details and by adjusting their thermodynamic Petween different molecules are usually treated in a simplified
environment has been documented nearly two decadésado ~ ©OF implicit manner or even not considered at all. Therefore,
has since been exploited in a wide range of applications, from €xamination of models bearing details which enable a closer
nanoengineering of electronic devices through directed self- COmparison to real systems is expected to contribute toward a
assembl§ to novel applications in medicine and biotechnol- deeper understanding of the experimentally observed behavior
ogy 1! Apart from the structural information “programmed” and ultimately to the prospect of controlling the emerging
into their architecture which can act as a molecular-level Structures and their physical properties. o
recognition process to trigger self-assemBl}? as in other ~ To this end, we have conducted molecular dynamics simula-
polymeric systems bearing ionizable groups self-organization tions in order to examine mechanisms involved in the self-

is at a large extent driven by the electrolytic behavior of these organization of dendrimer polyelectrolytes in explicit-solvent
materialst4 solutions, under the influence of varying strength of electrostatic

Despite the increasing scientific and industrial interest in interactions, and for models bearing different size and surface

supramolecular assemblies of dendritic materials, only few charge densities.

theoretical and simulational studies have so far addressed the ) . .

self-organization of such systems, in principle employing coarse- I+ Model and Simulation Details

grained models or rather small in size and simple in structure  As we were interested in exploring generic rather than specific
molecules’>~17 Significant progress has however been made characteristics arising from the dendritic topology, the dendrimer
in the description of systems that bear resemblance in certainmolecules were modeled in the united atom (UA) representation.
aspects to dendrimer molecules. Recent theoretical studies and’he structure considered starts from a trifunctional core and
computer simulations in charged colloids (including macroions grows radially outward with branching functionalitf) equal

of different geometries, size, surface charge density) or colloidal- to 3 and two spacer bonds between branching points as sche-
like polymeric models (e.g., multiarm star polymers, micelles, matically shown in Figure 1. The concentric circles in the
spherical brushes) in different thermodynamic conditions have schematic denote the different generational shg)lsAccording
advanced our understanding on precesses associated with formae the adopted topology, the number of beads per dendrimer
tion of macroion assemblié§.22 Mechanisms that have been molecule as a function of the generational shell ingéstarting
investigated such as complexation with other charged moieties,from 0) is given byN(g) = 1 + 6 x [2971 — 1]. The maximum
counterion condensation, overcharging, and like-charge attrac-number of shells define the generatiGhof the dendrimer.
tion are known to play a key role not only in novel applications Following our previous work! each UA was assigned mass
but also in the function of many biological systefg?* corresponding to a GHyroup, where is determined by the
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ks represents Boltzmann’'s constant. For integration of the
equations of motion the velocity Verlet algorithm was used,
with a time stepAt = 7 x 107“%r. After construction of the
initial configurations by the aid of the amorphous cell al-
gortihm3° the models underwent 50 000 energy minimization
steps by steepest descent and conjugate gradient methods,
followed by an MD equilibration in the constant-volume,
constant-temperature (NVT) ensemble of 4&ps, after which

the systems have reached a stable state in terms of energetic
(total energy, Coulombic energy, and Coulombic virial) and
conformational characteristics (i.e., radii of gyration of the
dendrimer molecules, arrangement of ions and solvent molecules
around dendrimers). Production runs were then performed,
generating trajectories of2 x 10°t. For each generatioB, a
number of systems were examined at constant density and
temperature but varying the strength of the electrostatic interac-
tions.

Figure 1. Schematic representation of a dendrimer model of generation ~ A measure for the relative importance of the electrostatic

_?_-hTh?] circlgst der)ot? ghedboundaﬂes of eacgm generational shell ( jnteractions in a polyelectrolyte solution in the DH approxima-
€ chargea terminal beads are snown In reda. tion is the Debye Screening |ength-1

connectivity of each bead, while each solvent molecule was . 1

represented by a UA CHyroup. K = 1)
Systems of generatiortd = 3 andG = 4 were simulated by 2

means of molecular dynamics (MD) simulations under the MIBZCiZi

constant-temperature, constant-volume (NVT) thermodynamic
ensemblé? The models were placed in cubic simulation boxes yyhere, andz refer to the concentration and the chargetof

(with application of periodic boundary conditions) and com-  gpecies of ions in the solutiol, symbolizes the Bjerrum length,
prised by 30 dendrimer molecules having their terminal beads gefined as

single-charged, the required number of monovalent counterions

to preserve overall electrical neutrality (720 for G3 and 1440 e

for G4) each bearing the same mass as that of a charged |B:m— 2)
dendrimer bead, and an appropriate number of neutral solvent o

beads (1086 for G3 systems and 2300 for G4) in order to bring Thjs length corresponds to the separation between two charges,
G3 and G4 systems at the same density. Charging of the terminalt hich the Coulombic interaction is comparable in magnitude
beads only is analogous, e.g., to the situation met in neutral pHg the thermal energy. In the former expressiois, the electron
solutions of amine-terminated (like polyamidoamine) dendrimers it chargeg, is the relative dielectric permittivity, ang stands
where only protonation of the primary (terminal) amines takes for the dielectric permittivity of the vacuum. For instante,

place? of water (withe; = 80) at room temperature is7 A, which is
The so-constructed models assumed a polymer volumecjose to 2 in the units of our models. In the context of the DH

, whereC* represents the overlap concentration. It was chosen from temperature the relative strength of electrostatic interactions
for the systems to be constructed at concentrations well below can pe controlled either by changing the number density or the
C* in order to avoid intervention of kinetic/jamming phenomena. valency of the ions (e.g., by controlling the charging level of
The interaction potential adopted for the dendrimer molecules the dendrimer and the salt concentratfof® or through
consisted of bonded terms (bond stretching, bending angles, angngification of the Bjerrum length by selecting solvents which
torsions) and nonbonded interactions of the Lennard-Jones (LJ)pare relatively high or low dielectric permittiviti€d:45 In this

type (with a 10 A cutoff), following the parametrization of the  \york, it was chosen that the number densities and the charge
DREIDING force field**3*LJ parameters for nonlike pairs were  of the jons remain constant, while changes in the strength of
calculated as arithmetie{ = (0i + 07)/2) or geometric §; = electrostatic interactions were introduced by means of a
\Jei) means of the individual parameters. For charged beadssystematic variation ofs. The values of Bjerrum lengths
pairs, only the repulsive part of the Lennard-Jones potential wasexamined ranged from 0.5 to 150 (in units@f which would
considered (the LJ potential was curat= 216o and shiftedto  correspond to a variation af* between 0.74 and 0.04in the
zero). Electrostatic interactions were taken into account via a context of the DH theory for the examined models. An
full Ewald summation schen? Hydrogen-bonding and solvent  approximate mapping to real units arising from a comparison
polarity term$” are not considered explicitly. In order to use between the radii of gyration of our models (see section Ill) to
units pertinent to characteristic parameters of the models, the size of PAMAM dendrimers with only the primary amines
henceforth energy and length will be expressed in terms of the protonate¢f yields a length of 3.3 A for the simulation unit.
LJ interaction parameteesando between two charged beads, An example of a G4 equilibrated system gt = 1 is shown
respectively, while time will be measured in units of= in Figure 2. Apart from the systems corresponding to the lower
ovmle, wherem represents an average mass of a dendrimer values oflg examined, initial configuration of systems at higher
bead. To retain consistency with and allow comparison to results Bjerrum lengths were taken by the final configurations of the
of past studies that have examined analogous dendrimerruns simulated at the immediately “neighboring” (smaller) value
models31:38 temperature was defined by = 0.3gT (corre- of Ig. To check whether starting configurations could influence
sponding ta®-conditions for linear polymer analogiés where the obtained results, a number of runs at high Bjerrum lengths
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between the models may partly be responsible for this discrep-
ancy, the fact that the single-dendrimer systems were represented
by bead-spring freely jointed models, lacking therefore force
field terms associated with other degrees of freedom, could be
the main reason for the observed differences. This notion is
corroborated by the fact that single-dendrimer runs of the G3
model (not shown here) yielded &y vs|g dependence similar

to the one depicted in Figure 3.

It should also be noted that the locus of the peak is
independent of the size of the examined models. A mechanism
consistent with the observed behavior invoR?d§ a swelling
of the dendrimers at loyss due to mutual repulsion of the like-
charged terminal beads and (ii) an effective contraction of the
dendrimer from the swollen state at highvalues, driven by
gradual counterion condensation which can effectively screen
the like-charge repulsion of the terminal beads and allow the
dendrimer to reach its original size. It must also be considered
Figure 2. Snapshot of an equilibrated G4 modellgls = 1. Red that many-body interactions between different dendrimers and
beads indicate counterions while blue beads represent the solvent. petween dendrimers and their neighboring counterions can play
a role in this process affecting thus their conformational
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: 1.68 characteristicd’#® Although the observed relative change in
2164 5 & dendrimer dimensions upon alteration of the strength of
5 . A . electrostatic interactions (in the examined range) is rather
149 A A At moderate (about 3.5% for G3 an 6 for G4 systems taking as
2.14 AR 1.66 derate (about 3.5% for G3 and 5% for G4 syst tak
212 A " a referenpe_the vglue &y correspondir]g tds/o = 1),. it may
* - o well be significant in targeted drug-delivery applications where
L 510 1184 o a well-controlled release mechanism is desfi&y.
4
2,084 IV. Spatial Arrangement of Dendrimer Molecules
X 1" Alongside with the change in the dimensions of the dendrimer
2,061 Ai 4 G3 molecules, significant structural rearrangements take place
204 AT 160 within the solutions upon modification d¢§. To follow these
1 10 100 changes, we have examined the static structure factor arising
/o from the centers of mass of each dendrimer. Instead of

. . . . employing the formula describing isotropic me8taye have
Figure 3. Dependence of the radius of gyration on Bjerrum length . .
for the two generations studied. The topxis represents the screening  "€Sorted to an expression that makes no assumption as to the
length according to the DH approximation and is linked to the isotropy of the studied systéf
smallerlg. As was found, the “relaxation” of these systems from

correspondinds values of the G3 model.
N
zeid-?u
1)
a “quenched” lowtg configuration to the equilibrium state was :
a rapid process (of the order of a feyy therefore, no separate N is the number of “scatterers” (here the number of dendrimer
discussion for these runs will be made. In addition, indicative molecules), and indicekj refer to a pair of them. For each
runs at somewhat lower concentrations for both models showedscattering vector studied with magnitugleS(q) was calculated
no qualitative differences from the picture presented here. as an average over 50 orientations of vedfpuniformly
. . distributed over a surface of a sphéfé&he evolution of3q)

Ill. Effects on the Size of the Dendrimers for different Igs and for the two dendrimer generations is
Previous computer simulation studies in single-dendrimer illustrated in Figure 4. For clarityy-axis values of each curve
model$847 have illustrated a nonmonotonic dependence of the are shifted by a factor of 0.5 compared to the preceding one.
size of the dendrimer with the strength of electrostatic interac- Comparison of the general behavior of the structure factors
tions. This behavior was attributed to the presence of counterionsbetween the G3 and the G4 systems shows that besides some
and the interplay between repulsive interactions of the like- differences related to the specific locations of the observed

charged dendrimer beads and the attractive forces between th@eaks, it appears to follow a common pattern. At the logrer
latter and the oppositely charged ions. In the case of our range a low-amplitude peak (referred to as p1 from now on)
multidendrimer models an analogous pattern is also observeddevelops with an approximately-independeng location. The
as shown in Figure 3, bearing though distinct features comparedmain intermolecular scattering peak corresponding to first
to the single-dendrimer behavior. neighbors (referred to as p2) shifts to largemagnitudes,
The peak in theRy vs Iz dependence in the present systems signifying a strong dependence of the spatial rearrangement of
occurs at largels/o value, while the maximum relative change  molecules on the strength of electrostatic interactions. Moreover,
in dendrimer dimensions with respect to the neutral mdélels while at lowdg values the structure factors essentially reflect
amounts only to about 1.2% for G3 and 2.5% for G4 systems, amorphous systems (the arrows at lgvgpectra denote the peak
in contrast to corresponding relative changes of about382% locations expected for a liquidlike arrangement), at larger
and almost 2094 observed in the single-dendrimer models. Bjerrum lengths additional peaks appear, indicating emergence
Although certain dissimilarities in the dendritic topology of structural order. Appearance of “prepeaks” analogous to pl

] @

g directions

were also initiated by final configurations of systems of much Sq) = %
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. . . elevated strength of electrostatic interactions for the examined models.
Figure 4. Static structure factors arising from the centers of mass at yertical lines denote the locations corresponding to the high-intensity
different values ofg for the G3 (lower panel) and the G4 (upper panel) giffraction peaks for a face-centered cubic (upper panel) and a body-
dendrimer models as a function of the magnitude of the scattering centered cubic (lower panel) lattice. Miller indices of the corresponding
vector. Each curve is shifted jnaxis by 0.5 for clarity of presentation.  scattering planes are shown on top of each line. Solid spheres represent
Circles and ellipses emphasize the emergence of new peaks at highne expected relative amplitudes of each peak with respect to that of
lgs. the larger maximum.

has been reported in the literature at scattering spectra of diversat as a function oflg for the examined models, as shown in
systems such as glas$8s&tionic liquids?® and polyelectrolyte  Figure 7.

models!® These lowg maxima have been attributed to different Three characteristic regimes can be distinguished in the
possible origins, like “chemical ordering*>*related to ordering dependence af* as a function of Bjerrum length. In regime |,

of interstitial voids around formed clusters or specific molecular which can be considered as a weak electrostatic interactions
moieties, spatial correlations between such formed clugters, region,q* remains rather insensitive tg changes. The lower
“Coulombic ordering®® associated with spatial ion correlations, bound of region Il signifies the onset of a stronger coupling
and competition of different length scales characterizing the regime (e.g., in the context of the strong coupling thedtt
examined systeni$.In our case, the position of p1 is incompat- between the dendrimer (macroion) and the counterions, within
ible with a distance which is an integer multiple of that which a “transition” in dendrimer spatial arrangement takes
corresponding to the location of p2 and to the size of the places. This gradual change is manifested as a monotonic
simulation box. It appears therefore to be consistent either to aincrease off* as a function oflg (i.e., the dendrimer molecules
gradual development of extended range order associated withapproach each other on average) toward a plateau value. Regime
a “clustering® mechanism of dendrimer molecules or to the Il is defined by the start of this leveling-off behavior.
“Coulombic ordering” scenario. ) ) )

The spatial rearrangements taking place at the leygegime V. Condensation of Counterions and Solvent Depletion
actually result to ordering of the examined systems in cubic  To explore the role of the counterion condensation mechanism
phases described by the symmetry of bcc and fec lattices for to this structural transition, we can monitor the actual number
G3 and G4 systems, respectively, as shown in Figure 5. of counterions that are “adsorbed” on the surface or trapped

The vertical lines denote the positions corresponding to the within the dendrimer molecules during this process. To ac-
principal scattering planes of bcc (for G3) and fcc (for G4) complish this, we have constructed the distributions of the
structures (in parentheses are the Miller indices of these planes)dendrimer beads as well as those of the counterions with respect
The solid sphere points mark the relative scattering amplitudesto each dendrimer’s center of mass. Next, we have calculated
expected for these structurgvidently, not only the locations  the number of bound charges by integration of the ion bead
of the peaks but also their relative amplitudes corroborate the distributions up to the point where the dendrimer and the ion
identification of the nominal lattice symmetries. The deviation distributions overlap. An example of such distributions is
of the relative amplitudes of the highgftower-intensity peaks  depicted in Figure 8 for the G4 systems in twg values
from those expected for the corresponding perfect crystalline corresponding to regimes | and Il as discussed earlier. For the
structures can be interpreted as an indication of lattice imperfec-dendrimer molecules, apart from the overall distributions (i.e.,
tions and/or as a coexistence of crystalline and amorphousincluding all the beads), distributions of beads belonging to the
domains®® The ordered structures are illustrated in Figure 6, outer generational shell where the charged beads are located
where a snapshot of the simulation box for each system is shownare shown as well. Apparently, upon increaségzpthe degree
together with periodic images of it. To quantify the gradual of overlap between dendrimer and ion distributions increases.
change of the packing of dendrimer molecules in the solutions, The small peaks appearing in the distribution of beads of the
we have followed the position of p2 (denotedglsand plotted terminal dendrimer generation and that of the counterions at
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Figure 6. Ordered phases (left for G3 and right for G4 model) at ldseappearing in Figure 5 for each model. The simulation box is shown
together with periodic images to facilitate the visual identification of the formed structures.
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Figure 7. Bjerrum length dependence of the magnitude of the scattering _ . ; . e
vector corresponding to the principal maxima appearing in Figure 4. Figure 9. Main panel: “condensation curves” indicating the number
Vertical lines define the boundaries of the three regimes according to Of bound counterions relative to the total number of charged beads per
the observed behavior. dendrimer molecule. The horizontal line marks the limit of electrical
neutrality. Inset: semilogarithmic representation of the curves appearing
in main panel. Vertical lines indicate the boundaries between the three
1 regimes as defined in Figure 7. Horizontal line marks the neutrality
1 limit. The thick solid curve denotes a theoretical prediction for
counterion condensation on a linear polyelectrélytes described in
the text.
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the same curves in a semilogarithmic format. The vertical dotted
lines denote the boundaries of the three regimég a$ defined

in Figure 7. The thick solid curve shows the behavior predicted
from the Manning theo§ including finite length correctior§3

for a linear polyelectrolyte at the dilute regime, bearing the same
radius of gyration as that of the G3 model. The behavior of the
“condensation curves” for the two systems share some common
features but bear certain differences as well. As shown in the
inset, for both dendrimer systems the curves seem to follow a
logarithmic law in regime II. Evidently, this behavior cannot
be reproduced by the standard Manning prediction even if the

Figure 8. Number distributions with respect to the center of mass of . . - - -
the dendrimer, of all dendrimer beads and of those belonging to the fln'te, Iength of the linear quel IS also Consldered. ,SUCh
outer generational shell of the G4 dendrimers, together with the logarithmic dependence at an intermediate regime of Bjerrum

respective counterion distributions. Distributions are shown atlgwo  lengths is compatible with more recent self-consistent theoretical
values belonging to regimes | and Il as defined in Figure 7. calculations for the counterion condensation in flexible linear
polyelectrolytes, when effects like the translational entropy of
high Iz are due to the backfolding effe¥t. This effect is adsorbed and unadsorbed counterions and correlation among
responsible for the fact that a certain number of counterions jon pairs formed by adsorbed counterions on the polymer chain
are attracted (and practically trapped) at the interior of the are taken into accoufi. Deviations from the logarithmic
dendritic structure since a number of oppositely charged dependence at very low and very large valuessofhich are
dendrimer beads are folded back toward the dendrimer center.described for linear polyelectrolyt®sare observed for the
The so-calculated number of bound counterions (normalized dendrimer systems as well (regions | and 111).
with the total number of charged beads per dendrimer) is shown In the dendrimer models of the fourth generation possessing
for the two examined models in Figure 9. The inset displays the higher surface charge density25% higher compared to
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Figure 10. Number of solvent beads found within the limits of the
overall dendrimer bead distributions for G3 and G4 models as a function
of |B-

G3 systems) counterion condensation proceeds “faster” in the
sense that at constdgta larger fraction of counterions is bound
compared to the one corresponding to the G3 models. Moreover,
while at the highlg limit in G3 systems the number of bound
counterions is exactly the one required for counterbalancing the - - . .
opposite dendrimer charge (i.e., resulting on average to neutral 3 4 5 6,7 &8 9 10
dendrimer-counterion complexes), the corresponding curve of Figure 11. Potential of mean force (see text) for both the dendrimer

the G4 systems overcomes the neutrality limit (the error margin sizes and for all the examined Bjerrum lengths. Curves are shifted by
is estimated to be of he order of the symbols’ size). While at 1 in y-axis for better visual inspection.

first glance this might seem counterintuitive since the total

number of counterions exactly matches that of the total number VI. Role of Counterion Correlations in Dendrimer

of charged dendrimer beads, an explanation is in order if Interactions

dendrimer molecules come sufficiently close so that their bead  |n order to gain a better insight regarding the nature of the

and their corresponding counterion distributions start overlap- mean interaction between two dendrimer molecules, we have
ping. In this case an additional number of counterions which calculated the pair potential of mean fof&& w(r) which is
serves for neutralizing charged beads of the neighboring directly related to the radial distribution functiagfr) in the
dendrimers will be present. This extra number becomes NVT ensemble&?8 A|though in this approach counterion cor-
significant only when the degree of dendrimer overlap becomes rejations and many-body interactions are not taken explicitly
sufficiently high. Although such so-called overcharging phe- into account, it has been shown to provide a sound qualitative
nomena of macroions are commonly met in the presence of picture for the effective pair interaction in systems of charged
multivalent counterion&! charge inversion has also been macroion$97°
predicted in the presence of monovalent counterions at high

ionic concentration&%¢|nterpenetration of dendrimer molecules

is a mechanism that can account for such elevated local

counterion concentrations. Hereg(r) represents the radial distribution function arising from

The analogous picture concerning the beads of the solventthe centers of mass of the dendrimers. Figure 11 displays the
that remain in the vicinity of a dendrimer molecule (following  evolution ofw(r) as a function of for both generation systems.
the same procedure of overlapping distributions) is shown in Each curve is shifted ig-axis by 1 with respect to the previous
Figure 10 for the examined systems. one for clarity. Even at the lower Bjerrum lengthgr) indicates

The pattern followed is common for both generation den- a weak attraction between the dendrimers. Attraction between
drimers. Similarly to the behavior of the radius of gyration like-charged macroions (e.g., colloids, proteins) has been
(Figure 3), a nonmonotonic dependence is noted, exhibiting a predicted and described by several approaches and simula-
minimum practically at the same abscissa as that at which thetions?26:27.60.71.73yhile it has been experimentally observed as
dendrimers assume their larger dimensions. This behavior canwell.2%.73.74As indicated in Figures 8 and 9, dendrimers in the
be attributed to energetic reasons since such a solvent depletiohow-Ig regime (l) attract a moderate number of counterions
mechanism (upon increaselgj increases the entropy, influenc-  which suffices only for a partial screening of their charges.
ing thus the systems’ equilibrium state at ehchAt the absence  Moreover, the counterions and the terminal beads (and thus the
of this contribution to free energy, the interplay between total charge of the dendrimer) can be nonuniformly distributed.
attractive and repulsive electrostatic interactions between chargedt has been reported that such nonuniform charge distributions
dendrimer beads and counterions (which essentially determineare able to produce attraction between like-charged macro-
the dendrimer dimensions) might have resulted to maximization ions282°At a higherlg range (regime Il) a stronger close-range
of the dendrimer size at a differelgtthan the one observed. In  attraction is developed accompanied by a midrange repulsion,
this context, a link between the solvent rearrangement close towhile at the highest examinets values (regime Ill) an
the dendrimers and the dendrimers’ conformational character-oscillatory behavior is observed indicative for the ordered
istics is in order. dendrimer structure. Under conditions of strong electrostatic

g(r) = e 0T (4)
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l'o of the radial distribution functions of the charged dendrimer beads,
Figure 12. Radial distribution functions of the counterion beads for with the corresponding distributions of the counterions for the G3

models of both generations and for all the examirgdvalues. model, and follg values representing all three regimes of Coulombic
Each curve is shifted by a factor of 0.5 yraxis with respect to its coupling as defined in Figure 7.
previous.

one shown. At lowlg where existence of strongly coupled
interactions where counterion condensation takes place, closedendrimer beadcounterion pairs is absent, the distributions are
range attraction between like-charged macroions can arise duefeatured with peaks that would describe to a good approximation
to spatial correlations of the condensed counterf$3’> 7 an uncharged dendrimer or a nonionic liquid, with their locations
In solutions of charged sphere systems with their counterions, shifted to moderately longer distances due to the Coulombic
a similar short-range attraction followed by a midrange barrier repulsions. In the intermedialg range, however (Figure 13b),
in the potential of mean force was notédwhile in recent  where Coulombic coupling is stronger, the counterion distribu-
simulational studies attraction at short distances followed by tions become strongly correlated to the ones of the charged
repulsion at longer separations was also observed at highlydendrimer beads, behaving almost as a superposition of the intra-
charged colloidal particles with van der Waals interactions and intermolecular contributions of the latter. This trend is
presenf® Moreover, in the strong Coulombic coupling regime, clearly enhanced at the strongest coupling regime (Figure 13c).
existence of an energy barrier for counterion migration between Although layering effects of monovalent ions near the surface
neighboring charged spheres (which would promote attraction of isolated charged spherical particles have been repéftiad,
between the two like-charged macroions) was observed andthe case of dendrimers one must emphasize the significant role
attributed to the gain of correlation energy of counterions near of the intermolecular dendrimer charged pairs which to a large
the surfacé® Combination of short-range attraction with degree determine the equilibrium spatial arrangement of the
partially screened (and thus of longer range) Coulombic counterions, either close to the dendrimer surfate £ 2) or
repulsion can actually provide a stabilization mechanism of the at longer distances.
dendrimer supramolecular structures, in a way similar to that
described for globular protein clustefs. VII. Summary and Conclusions

To verify the existence of such correlations in the counterions’  |n this work we explored the response of peripherally charged
spatial arrangement, we have examined their radial distribution dendrimer molecules upon change of the strength of electrostatic
functions. Figure 12 presents these distributions for both interactions, in low concentration solutions with the presence
systems. of explicit solvent and counterions.

As the intensity of the electrostatic interactions increases, Because of their characteristic architecture, these molecules
different peaks appear with growing amplitude until at the high- behave in several aspects like soft colloidal particles, but what
Ig limit they assume a much sharper shape, indicating the clearly distinguishes them from such systems is their internal
presence of a layered (ordered) ionic arrangement. To identify degrees of freedom. It was demonstrated that characteristics
the characteristic distances appearing in the counterion distribu-arising from their distinct topology, like the backfolding of beads
tions, it is informative to compare them with those corresponding belonging to outer generations, the internal cavities that can
to the charged dendrimer bead pairs. For the calculation of the“host” (or deplete) counterions and solvent molecules under
latter, we have distinguished between intra- and intermolecular appropriate conditions, their deformability that can allow shape
contributions in order to assess in more detail the origin of the fluctuations and thus anisotropic charge distributions, and their
observed peaks. This comparison is described in Figure 13 forability to interpenetrate, can drastically influence their behavior.
Iz values belonging to the three formerly identified regimes, On the other hand, although manifested in ways particular to
for one of the examined generations. The picture characterizingthe dendritic structure, mechanisms observed in colloidal
the other generation’s behavior is in complete analogy to the systems such as counterion condensation, attraction of like-
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charged molecules, and spatial counterion correlations are alsd11) Thisserll, H.; Chang, K.; Tegb, T.; Tsai, W.; Glattauer, V.; Ramshaw,
; ; ; J.; Werkmeister, JJ. Biomed. Mater. Re200§ 77A 590.

present in dendrimer solutl_ons. . . (12) Winston, O.; Marielle, G.; Angel, EEhem. Commur2004 1677.

Fo_r _bOth the models stuc_jled (bearing d|ffer(_:-‘nt surface cha_trge(13) Marchioni, F.; Venturi, M.; Credi, A.; Balzani, V.; Belohradsky, M.;
densities and molecular size) the aforementioned mechanisms  Elizarov, A,; Tseng, H.; Stoddart, J. Am. Chem. So2004 126,
were responsible for a development of counterion-mediated , 568 . .

. P . P (14) Kotz, J.; Kosmella, S.; Beitz, TProg. Polym. Sci2001, 26, 1199.
attraction between dendrimer molecules. Increase of the strength(l5) Li. Y.: Lin, S.: Goddard, WJ. Am. Chem. So2004 126, 1872.
of electrostatic interactions resulted in a pair potential of mean (16) Lin, S.; Jang, S.; Cagin, T.; Goddard, ). Phys. Chem. B004
force characterized by a short-range attraction and a longer- 108 10041. _
range repulsion which at the strong Coulombic coupling limit 83 ngzf%alhg”NLl'kl?iskb g gq.tzlr;yr?.ﬂaor&dheenni. '\Ff'ﬁ;tgggi g'ls%gg :
triggered a sel_f-organlza_tlon_ of dend_rlmers in cubic phases._ For(lg) Ulrich, S.; Seijo, M.; Stoll, SCurr. Opin. Colloid Interface ScR00G
models with differences in size and in surface charge densities, 11, 268. _
the emerged structures assumed distinct symmetries, namely th %cl’g Iﬂ?rt&oBé JPeOrl‘;r,nS‘bF‘;gd2%8?4%‘35”9?“'2006 139, 562.
of a bec (for the GS) and that of a fec (for the G4) Strucmre', 22) de Vriés, R.; Stuart, MCurr. Obin. Colloid Interface Sci2006 11,
These structural differences between the two models affect their 205.
conformational characteristics, which are known to influence gig IEeV!n, ¥ Sﬁlo-_F’roAgé (E’OhEySéZSOZOZ4 36‘35, 1577-1632.
H : H 7 evin, Y. ysica .
the degree of |nt¢rpenetrat|5c>1n betWe.e“ neighboring m0|e.CUIes(25) Holm, C.; Joanny, J.; Kremer, K.; Netz, R.; Reineker, P.; Seidel, C.;
and the backfolding effeéb;5 modifying thus the geometric Vilgis, T.; Winkler, R Adv. Polym. Sci2004 166, 67.
distribution of charge and the ability of solvent penetration into (26) Dijkstra, M.Curr. Opin. Colloid Interface Sci2001 6, 372.
the dendrimer interior. In the present study, care was taken for (27) Quesada-Perez, M.; Callejas-Fernandez, J.; Hidalgo-AlvargziR.
. : . - . Colloid Interface Sci2002 95, 295.

a fair representation of dendrimer conformational characteristics 28) Messina, R.. Holm, C.; Kremer, .Kohys. Re. Lett. 200Q 85, 872.

by employing a detailed force field through which degrees of (29) cooper, C. L.; Dubin, P. L.; Kayitmazer, A. B.; Turksen, Curr.

freedom like bond stretching, angle bending, and torsional 30) Opin. Colloid rIlnterfa%e Sci2005 10, 52.

; [P ; i+ (30) Berret, JJ. Chem. Phys2005 123 art. no. 164703.
rotation were explicitly cqn3|dered. We must e}lso note tha} it (31) Karatasos, K.. Adolf, D. B.; Davies. G. B. Chem. Phy2001, 115
is not expected that the picture presented in this work (particu- 5310.
larly the effects related to the observed counterion condensation(32) Forester, T.; Smith, W. CCLRC, Daresbury Laboratory, Daresbury,
mechanism) would be significantly affected by finite size effects. Warrington Wa4 4AD, Englandrhe simulations were performed by
This notion is supported by the fact that the mechanisms ““"f(at'on (gLarF',SEgrqp”ate'y mIcIJdllﬁed el d°f the-DL—Pol'(‘Y
. . L) . package. . is a parallel molecular dynamics package
involved in the self-organization process were found to be in developed at Daresbury laboratory and is a property of the Council

complete analogy between the G3 and the G4 models which for the Central Laboratory of theT Research Councils (CCLRC).
are at the same volume fraction but at distinctly different (33) '2-88’2"3??2?1/’03-;Wetze"A'?'V'e'x”erv W.; Baker,Macromolecules
volumes. (The simulation box volume in G4 dendrimers was (34) Mayo, S.: Olafson, B.: Goddard I, W. Phys. Chen.99Q 94, 8897.
more than 250% larger compared to that of the G3 models.) (35) Karatasos, KMacromolecule005 38, 4472.

Although the parameter space pertinent to dendrimer self- (36) Allen, M.; Tildesley, D.Computer Simulation of LiquidsDxford

. . . . Science Publications: New York, 1997.

assembly in solutions is far from being fully explored by the (37) Lee, H.; Larson, RJ. Phys. Chem. 2006 110, 18204
present study, it is believed that several of the mechanisms(38) Gurtovenko, A.; Lyulin, S.; Karttunen, M.; Vattulainen,Jl. Chem.
described are generic to the dendritic structure and may serve  Phys.2006 124, art. no. 094904.

as a reference point for the interpretation of electrostatically Ei(g); Qicsc;tl(;ysé ?el\r/ilfgvz ,ga}cx‘;ﬂg' EJ. Macromoleculed999 32, 5895

d_riV_en Self-ordering_ phenomena, in systems bearing topology (41) Nisato, G.; Ivkov, R.; Amis, EJ. Macromolecule200Q 33, 4172.
similar to the examined models. (42) Huang, Q. R.; Dubin, P. L.; Moorefield, C. N.; Newkome, G.XR.
Phys. Chem. BR00Q 104, 898.

. (43) Jang, J.; Bae, YJ. Chem. Phys2002 116, 3484.
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