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ABSTRACT: We present a computational and theoretical study of dendrimer-based nanoparticles com-
posed of two linear chain types attached to the terminal groups of a core dendrimer. The chains were coupled
to the dendritic core in both topologically Janus and alternating configurations. We find that a straightfor-
ward extension of the well-known scaling theory for the size of star polymers due to Daoud and Cotton works
well for these classes of molecules. This suggests that the chains preferentially stretch radially from the
molecular center. As a result, we find that topological connectivity alone suffices to ensure the stability of a
Janus configuration. Chemical mismatch that drives phase separation in melts of these chains does not
dramatically affect Janus structures when they are topologically constrained and can only produce frustrated
conformations in alternating assemblies in the molecular weight range studied herein. We also demonstrate
that contrast variation scattering experiments are ideally suited to detecting the presence of Janus structures.
Specifically, we propose a scalar metric based upon contrast variation scattering studies on a single class of
nanoparticles that can capture the extent of their Janus nature.

I. Introduction

The unique physical properties of Janus particles have moti-
vated much of the research on their synthesis and properties
since their initial fabrication by Casagrande et al."? in the late
1980s. Taking their name from the two-faced Roman god, Janus,
this class of particles presents two chemically distinct faces that
give rise to the enhanced interfacial activity initially predicted by
Binks et al.> Combining this amphiphilic behavior with the
functionality that may be imparted by the core particle opens
possibilities for their use in many advanced applications. These
potential uses include roles in electro-optics,* ® molecular
targetln% blend compatibilizers,* !! and drug delivery formu-
lations.'

Numerous schemes for producing Janus particles exist and
yield a variety of both organic and inorganic materials. Prepara-
tory methods including phase sepdrdtlon 18720 controlled surface
nucleation, !~ partlal maskmg, 2% and Pickering emul-
sions, >~ lead to inorganic Janus particles that range in sizes
between sub-ten nanometers to hundreds of micrometers in
diameter. Depending upon the method involved in constructing
these particles, their shapes may consist of isometric hemispheres
or anisotropic geometries such as “dumbbells”. Organic Janus
particles are usually 8polymerlc in nature and can derive from
cross-linked latexes,” miktoarm star polymers, ** or hetero-
functional dendrimers. In contrast to their inorganic analogues,
precise control over chemical structure and functional group
placement within the material characterizes organic Janus parti-
cles. Thus, organic synthetic routes may provide greater control
over size, shape, and functionality.

The use of dendrimers as a central platform for the construc-
tion of these hybrid nanostructures presents an especially high
level of control over the resulting structure of Janus particles.
Their well-defined, regularly branched structure gives them

*Corresponding author. E-mail: PWelch@LANL.gov.

pubs.acs.org/Macromolecules Published on Web 01/24/2011

physical characteristics not commonly observed in other poly-
meric materials. Select properties, including near-monodisper-
sity, the ability to host small molecules, and the presence of a
large number of chain ends to which different moieties may be
attached, have motivated the formulation of several synthetic
routes to Janus particles with dendritic cores. A precise number of
either small functional groups or oligomers can be attached to
the central dendritic core, giving rise to unique supramolecular
structures, as illustrated by the recent work of Percec et al.*?
While several investigators have employed simulations to probe
the assembly of Janus particles,* >* numerous questions revol-
ving around their monomolecular properties remain outstanding.
Establishing when polymeric particles are truly Janus, rather than
homogeneously mixed, and how robust that arrangement is un-
der varying environmental conditions presents a particularly
interesting set of challenges. If the constituent chains possess
affinity for the supporting solvent, two phenomena compete to
dictate the extent of intermixing of the chains; conformational
entropy drives mixing, while concentration gradients tend to
stretch the chains radially outward. This competition may be ex-
pected to dominate in the spherical brushlike Janus particles
resulting from attaching oligomers to a dendritic core. Consider-
ing the effect of chemical mismatch that leads to phase separation
in bulk materials further complicates the picture. Hsu and co-
workers® argue that, for the grafted linear chains that they
studied, the concept of a true phase transition should not apply
to finite-sized molecules. Rather, they found that the degree of
mixing changed continuously for their systems. Voets and co-
workers> found that Janus structures were obtained over a broad
range of environmental conditions in their experimental study
of mixed micelle particles, suggesting that chemical mismatch
alone cannot account for the demixing. Carefully probing poten-
tially Janus particles with experiments such as small-angle neu-
tron scattering may yield insight into their structure. However,
Fiitterer and co-workers>® noted that the analytical expression
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Figure 1. Two topologies considered in this study. The colors indicate
different chain segment types. The left image represents a Janus con-
nectivity while the right sketches an alternating assembly.

for the single particle scattering function of Janus spheres due to
Kaya™ predicts scattering very similar to that of core—shell
species. They suggested a contrast variation approach to discern
truly Janus structures from other candidate arrangements but
relied upon comparisons with known mixed materials.

Herein, we apply Brownian dynamics simulations on coarse-
grained models and arguments based on the scaling theory of
Daoud and Cotton™ to establish when a candidate Janus parti-
cle built upon a dendritic core actually manifests a two-faced
structure. In particular, we present a robust recipe for measuring
the extent of the Janus character from scattering experiments and
demonstrate that, for attached oligomeric chains in a good sol-
vent, chain stretching dominates; chemical mismatch need not
play a role in producing Janus structures that are topologically
constrained. We focus our attention on the case in which the
particles, similar to block copolymers, may undergo conforma-
tional changes but maintain their chemical topology; no dynamic
rearrangement in connectivity is allowed. In section II we present
our simulation model and algorithm. Section III contains our
predictions for the mass distribution within the molecule, a
scaling argument for the radius of gyration, simulated contrast
variation scattering experiments, our proposed scalar measure of
the “Janusity” of a given particle, and the variation of that
measure with chemical mismatch.

I1. Simulation Model and Algorithm

We applied a coarse-grained model similar to that used by
Zhou and Chen®®**’ in their studies of dendrimers with a single
type of chain attached. Figure 1 illustrates the topologies exam-
ined. The red and blue chains denote two different chemical
species and are attached in either a Janus configuration (shown
left) or an alternating arrangement (shown right). The model
dendrimer consists of a tetrafunctional core with dendrons that
branch after each bond step. In our notation, Figure 1 contains
two generation 3 dendrimers (G = 3) with trimer (N¢ = 3) chains
attached; we label a simple star polymer as generation 1, for
example.

As in a previous study® of coarse-grained dendrimers, each
bead in our model obeys the Langevin®® equation of motion given
byeqI.

= —E——VU+[ (1)

Here, R is the position in space, ¢ is the simulation time, & is the
frictional coefficient that captures the viscous drag on the bead
exerted by the implicit solvent, U is the potential energy of the
bead due to all of the other components of the molecule, and fis a
random force that mimics the coupling of the molecule to the
motion of the solvent with thermal energy k7. We only report
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ensemble average values in this paper and have made no effort
to tie our model to any specific chemistry or solvent; the variable ¢
may be simply viewed as a measure of the progress of the simu-
lation. The frictional coefficient & was set to unity, and the
expression for the potential energy U is discussed in detail below.
The random force f'is only locally correlated in time, obeying
eq 2, and averages to zero.

(f (t0)-f (1)) = 6KTES(to — 1) (2)

We used the velocity-Verlet algorithm to integrate the equation
of motion forward in time, applying a time step Az = 0.004. The
random force f was drawn from the Maxwell—Boltzmann
distribution given by eq 3 using the Box—Muller®® method.

- 1 3/2 _f2
) = (aer) | } ®)

Simulations were typically run for 12—250 million time steps and
samples saved at a frequency of 1 every 25000 time steps.
Equation 4 describes the total system potential energy U and
consists of two types of contributions. A simple harmonic potential
maintains the connectivity of the model and is represented by the
first sum in eq 4. The equilibrium bond length b, sets the length
scale for the simulations, and all other lengths are reported in units
of it. Every bond in the model is identical, and each bond length
by fluctuates about b,. To facilitate rapid relaxations within the
models, the spring constant K was set to intermediate stiffness with
Kb*/kT = 172.9. If any bond length exceeded 1.43b, during the
course of a simulation (a very rare occurrence, only observed 2—5
times during the study), the calculations were halted and the results
discarded to prevent the occurrence of nonphysical bond crossing.

N—-1 N
U=K> (bi—=h)*+ > ol(expl~a(Rj—d)]|—1)" 1]
k=1 iyj=1

4)

The second term, a Morse potential, captures the nonbonded
pairwise interactions between segments i and j separated by a
distance R;;. The range parameter o and the bead diameter d were
fixed such that for all classes of interactions aby, = 16.8 and
dlby = 1.14. However, the strength parameter o;; varied depend-
ing upon the identities of beads i and j. If both beads were of the
same type (both red, both blue, or both black according to our
color scheme in Figure 1), then o,;/kT = 1.18. Similarly, both
chain types (blue and red) interacted with the dendritic segments
(black) with o;;/kT = 1.18. This ratio ensures that the chains are
behaving as though they are in a good solvent. To mimic chemical
mismatch, however, the value of o, ;/kT is treated as a variable
falling between 0.12 and 1.18 when considering interactions be-
tween linear chain segments of different flavor (red—blue inter-
actions). For simplicity, we drop the subscripts hereafter when
discussing interchain interactions and simply denote the strength
divided by the thermal energy as o/kT. Clearly, when o; ;/kT =
1.18, the chains are identical. Values less than 1.18 drive a
dissociation of the two bead types that produces phase separation
in simple simulations containing only collections of linear chains.
The generation number of the dendrimer G varied from 2 to 5 in
our study, while the number of beads in the linear chains (all of
identical length within the molecule) ranged from 20 to 200.

I11. Results and Discussion

A. Mass Distribution. Examining the distribution of mass
around the topological center of the molecule, the root
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Figure 2. Mass distribution p as a function of distance from the center
of the molecule. Data for G = 5and N, = 100 homopolymer case where
all 0;;/kT = 1.18. Plots for the various molecular components are given
as well as a power law curve showing the expected dependency predicted
from Daoud and Cotton.

monomer, instructs us not only about the ability of the
grafted dendrimer to host small molecules but also about
the applicability of the Daoud and Cotton> theory for star
polymers. We calculated this distribution p(r) for the entire
molecule, the dendrimer segments, the chain segments, the
dendrimer—chain junction points, and the chain ends using
eq 5.

Vi

p(’) = V(l’)

(n(r)) (5)

To do this, we divided space around the center of the mo-
lecule into a set of concentric shells. Here, 1}, is the volume of
a bead in our model, ¥(r) is the volume of a shell falling at a
distance r away from the center of the molecule, and {(n(r)) is
the average number of segments found in that shell.

Figure 2 contains the mass distributions for the homo-
polymer case (0;;/kT = 1.18 for all i and j) with G =5 and
N.=100. The results were similar for all other configurations
examined. The total mass distribution displays three differ-
ent regimes of behavior. Dendrimer segments comprise the
majority of the core region. However, some chain segments
penetrate this domain, resulting in a diffuse boundary be-
tween regions rich in dendrimer segments and those rich in
linear chain segments. This behavior is expected since, as also
presented in Figure 2, the junction points between the den-
drimer and chains are distributed throughout the core region,
similar to the distribution of terminal units reported for
unmodified dendrimers. As found by Zhou and Chen,’*>’
the chains also perturb the core dendrimer, swelling it
slightly. Note that we are studying relatively compact den-
dritic structures herein with branching occurring after each
new bond. One may expect greater back-folding by introdu-
cing greater flexibility into the model by placing beads
between the branching points. Moving outward from the
center of the molecule, the next region is dominated by chain
segments. We present the data in Figure 2 on a log—log scale
to illustrate that this region is consistent with the power law
p(r) ~ r~*3. Though the range of the data is limited, this
consistency reflects the behavior of swollen blobs composed
of self-avoiding chain segments, as argued by Daoud and
Cotton™ for star polymers. The outermost region captures
the rapid decline in mass, producing a nearly crisp molecular
boundary on average.
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B. Radius of the Molecule. Thus, informed about the mass
distribution, we can calculate the relationship between the
radius of the entire molecule R, the generation of growth G
for the dendrimer, the molecular weight of the dendrimer
Np, the molecular weight for an individual chain N¢, and the
number of chains attached F. To accomplish this, we follow
closely the scaling prescription given by Daoud and
Cotton.” The radial integral over the number of segments
per volume in each shell up to the limiting radius of the
molecule is proportional to the total mass (Np + NcF), as
given by eq 6.

bos/o % r dre< by’ (Np + NcF) (©6)

We may decompose this integral into two regions, the first
corresponding to the dendrimer-rich space and the other to
the swollen chains, as captured by eq 7.

3 R@lg roc bd RD”(r)rz - 3 R@rz -
W [ v ¢ w [ ZOHRS /RDV<r> d
()

The first integral ranges from the center of the molecule to
the radius of the dendrimer Rp and is clearly proportional to
the mass of the dendrimer Np. The second integral ranges
from Rp to the radius of the entire molecule R. As shown by
Daoud and Cotton®”

3 K n(r) 4/3 : gy
by / 2 droe byt v71/3F2/3/ 213 dr (8)
Rp V(r) Rp

in this region, where v is the unitless excluded volume
parameter. Here, we assume that each shell contains only F
blobs, implying that the chains are stretched outward with
little back-folding of the blobs. As shown by the mass dis-
tribution of the chain ends plotted in Figure 2, this is a rea-
sonable approximation. Sheng®' and co-workers showed
that the radius of a dendrimer obeys eq 9.

RDocbO,Vl/SNDl/SGZ/S (9)

Kroger and co-workers provide a generalization of this
expression as well as a useful discussion of the limitations
of scaling arguments to dendritic molecules.®> While the
dendrimers are slightly stretched by the presence of the
chains, this proves to be good approximation here. Combin-
ing eqs 6—9 yields eq 10, the scaling relationship between the
radius of the entire molecule R and the various molecular
parameters.

R‘xb()Vl/S[NDl/gGZ/S +NCF1/3}3/5 (10)

Figure 3 contains the root-mean-squared radius of gyration
R normalized by the average bond length b, plotted against
[Np'PG*® + NcF'3P5 for all configurations studied. This
includes data with G ranging from 2 to 5, N ranging from 20 to
200, and o/kT ranging from 0.12 to 1.18. That this simple
treatment captures the data tells us that the central approxima-
tion is faithful; there are roughly F blobs in each shell, suggest-
ing that the chains do preferentially radiate outward rather
than mix laterally. This holds significant implications about the
robustness of Janus configurations.

C. Small-Angle Scattering Properties. Figure 4 contains
snapshots of a Janus G = 5, Nc = 200 molecule with
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Figure 3. Root-mean-squared radius of gyration Rg normalized by the
equilibrium bond length plotted as a scaling function of the molecular
weight of the attached chains N, the number of attached chains F, the
molecular weight of the dendrimer core Np, and the generation of
growth for that core G. Averages from all 418 distinct molecular con-
figurations are shown, corresponding to 76 combinations of G, N¢, and
pair interaction strength o/kT.

Figure 4. Typical snapshots from the simulations. The left image is that
of a Janus configuration, and the right is that of an alternating assembly.
Both molecules have G =5, Nc =200 with o/kT=0.12.

o/kT = 0.12 as well as its alternating counterpart. Visual
inspection permits classification of the molecules into either
Janus or not but does not provide a sound discriminator of
the extent of the segregation of the chains. Nor is it conve-
niently applied to real experimental systems (though use of
microscopy may be imagined). Following Fiitterer’” and co-
workers, we simulated contrast variation scattering experi-
ments using eq 11.

1q) = / (C—To)e "7 di [*) (11)

Here, I'is the local scattering length density, I is the solvent
scattering length density, and /(¢) is the calculated scattering
intensity at wave vectors of magnitude ¢. The angular
brackets denote ensemble averages over molecular confor-
mation as well as rotation. Each snapshot was centered
within a box that was further decomposed into cubes of size
(AX/bo)* = 1.0. The local scattering length density T' was
calculated as the volume fraction weighted average of the
bare scattering length densities of each component in the
bOX, r= d’R’yR + ¢BVB + ¢DyD + ¢Sr0' Herea ¢R9 d)B’ ¢D’ and
¢s are the local volume fractions of the red chains, blue
chains, dendrimer, and solvent, respectively. The scattering
length densities of each component of the molecule will
depend upon the details of the chemistry but are here
assigned to be yg =0.0, yg = 1.0, and yp = 0.5 in arbitrary
units to maximize contrast. The value of I'y was varied from
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Figure 5. Calculated scattering intensity /(¢) in arbitrary units as a
function of scattering vector magnitude ¢ times the equilibrium bond
length by. Data shown for a G=5, Nc=100 molecule with 6/k7=0.12 in
a Janus configuration. The solvent scattering length density I’y was
varied, mimicking a contrast variation experiment.
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Figure 6. Calculated scattering intensity /(¢) in arbitrary units as a
function of scattering vector magnitude ¢ times the equilibrium bond
length by. Data shown fora G = 5, Nc = 100 molecule with o/kT =
0.12 in an alternating configuration. The solvent scattering length
density I'y was varied, mimicking a contrast variation experiment.

0 to 1.0, mimicking changes in the ratio of deuterated to
nondeuterated solvent components.

Figure 5 contains plots of the calculated scattering inten-
sity as a function of ¢by for G = 5, Nc = 100, and o/kT =
0.12 in a Janus configuration. The solvent scattering length
density is varied from 0.0 to 0.5, corresponding to moving
from maximum contrast to a near-contrast matched state.
Note that, due to the symmetry of the particles studied, the
plots of scattering intensity for systems with solvent scatter-
ing length densities ranging from 0.6 through 1.0 exactly
overlay those presented in Figure 5. Similarly, Figure 6
contains analogous data (G = 5, Nc = 100, and o/kT =
0.12) for a molecule arranged in an alternating configura-
tion. Clearly, simply comparing the scattering profiles of
these two classes of molecules in the limit of maximum
contrast (I'y = 0.0) is insufficient to distinguish one from
the other. However, in the limit of the near contrast-matched
state, the alternating configuration shows a much lower drop
in scattering intensity at low ¢ than does the Janus architec-
ture. This occurs because the alternating case results in local
mixing of the two chain types to produce an average value of
I closer to T'y. As pointed out by Fiitterer™ for the case of
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Figure 8. Janusity measure J as a function of the scattering vector
magnitude ¢ times the equilibrium bond length b,. Data shown for the
Janus and alternating configuration cases with G = 5, Nc = 125, and
o/kT = 0.12.

micelles, this signature is made clear when the scattering
intensity taken from the low-¢ limit is plotted as a function of
T for the two types of molecules. This is illustrated in Figure 7
with data taken from Figures 5 and 6 at ghy = 0.008.

Unfortunately, producing a pair of molecules in both the
Janus and alternating configurations is challenging, and we
need a measure that does not depend upon such a compar-
ison. We propose formulating a single scalar measure from
the scattering intensities obtained at the extremes of the
contrast range and its midpoint. In our model, this corre-
sponds to I'y =1, 0, and 0.5. We define the “Janusity mea-
sure” J(q) by eq 12.

~1 (12)

Here, I(¢) denotes the scattering intensities at the specified
values of Ty. Ideally, J(q ) varies from nearly one in the limit
of perfectly Janus molecules to zero for perfectly mixed
(alternating) structures. However, as in the approach used
in Figure 7, the precise value of ¢ sampled affects the power
of J(q) to differentiate between Janus and mixed states.
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Figure 9. Characteristic Janusity J* measured at the gb, values corre-
sponding to 2 times the radius of gyration of each molecule plotted as a
function of the pair wise interaction strength ¢ normalized by the
thermal energy k7. Data for both the Janus and alternating configura-
tions with G = 5 and Nc = 125 are shown.

Figure 10. Typical snapshots from simulations of molecules with G = §
and Nc = 125. The images in the top row are taken from simulations of
Janus molecules, while those on the bottom are images of alternating
configurations. The pairwise interaction strength ¢ divided by thermal
energy kT increases from left to right with o/kT = 0.12,0.59, and 1.18.

Figure 8 contains plots of J(¢ ) vs gb, for the cases of G = 3,
Nc =125, 0/kT = 0.12 in both alternating and Janus con-
figurations. In the high ¢b limit, J(q ) is nearly identical for
both configurations. However, in the lower gb, limit, as gbg
approaches the range corresponding roughly to the diameter
of the particles, J(¢) begins to effectively differentiate be-
tween the two structures. We therefore choose ¢by that
exactly corresponds to 1.3 x 2 x Rg and label it J*. This
choice of gby is appropriate since it effectively probes length
scales over which the two structures will most clearly differ in
the distribution of the two chain types. The factor of 1.3 reflects
the relationship between the Rg and the hydrodynamic radius
of particles with radially decaying density profiles.

D. Importance of Phase Separation. Thus, armed with
a standard measure of Janus character, J*, we probed
the importance of chemical mismatch by varying o/kT
from 0.12 to 1.18 for both Janus and alternating config-
urations. Figure 9 contains a plot of J* over this range for
both cases with G = 5 and Nc = 125. As expected, the
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Janus configuration produces values of J* uniformly larger
than those for the alternating case. We also note that the
value of J* varies little over the range of o/kT values studied,
only decreasing in the limit of no chemical mismatch
(0/kT = 1.18). Thus, we find that chains attached in a Janus
topological configuration result in a Janus nanosphere in-
dependent of the chemical mismatch between the two chain
types; phase separation is not needed to achieve a Janus
structure. Similarly, the alternating configuration produces
values of J* that always fall near zero. Snapshots from the
simulations clearly illustrate these trends and are shown in
Figure 10. The frustrated structures that result from chemi-
cal mismatch in the alternating configurations show that
patchy spheres can be obtained by randomly attaching
chains of different types. However, for the relatively short
chains studied here, they still do not quite achieve truly Janus
conformations.

IV. Conclusions

Janus nanoparticles hold potential for a number of applica-
tions, both in the bulk state and in heterogeneous systems.
However, several questions about their structural development
remain outstanding. Here, we provide a straightforward recipe
for quantifying the Janus character of a nanoparticle using
contrast variation scattering experiments. Specifically, we pro-
pose a unique scalar metric that utilizes neutron scattering inten-
sities and falls to one for perfect Janus structures and zero for
perfectly mixed configurations. We have focused on Janus nano-
particles built around spherical dendrimer templates since they
hold promise for a higher degree of architectural control. How-
ever, our proposed measure of Janus character may also prove of
value for a wide range of other Janus materials with nonspherical
geometry, such as cylindrical Janus dendronized polymers.®*¢*
Considering the topology studied herein, we employed a scaling
argument similar to the Daoud and Cotton blob model for star
polymers to successfully capture the relationship between the
molecular parameters and the overall radius of gyration of the
nanoparticle. This scaling prediction assumes that the chains stretch
radially away from the core of the molecule, with little back-folding.
We applied both this scaling theory and the neutron scattering
metric to coarse-grained simulations of Janus and alternating
nanoparticles with dendrimer cores. The ability of this scaling
theory to encapsulate all of our numerical results coupled with
results from the neutron scattering metric reveals a surprising
relationship between the resulting overall structure and molecular
topology; topological control alone can ensure the formation of
Janus structures when the component chains are in a good solvent,
regardless of the chemical composition. This implies that Janus
structures can be formulated even if there is little chemical difference
between the constituent chains and that a broad range of chemis-
tries may be expected to result in two-faced nanoparticles with
creative synthetic routes that impose topological control.
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