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ABSTRACT: Brownian dynamics simulations of perfect dendrimers up to the sixth generation have been
performed under the influence of simple shear flow. Hydrodynamic and excluded volume interactions
have been taken into account explicitly. The onset of shear-thinning is observed to occur at lower shear
rates for larger dendrimers (i.e. more generations). As the generation increases, the zero shear rate intrinsic
viscosity reaches a maximum and begins to fall. The radius of gyration, the hydrodynamic radius, the
translational mobility, and radial density profiles including the location of the terminal groups are also

reported.

I. Introduction

With the increasing ability to synthesize perfectly
branched macromolecules (i.e. dendrimers) over the last
two decades!™® has come a corresponding increase in
efforts to understand their solution and bulk behavior.
Relative to linear polymer chains with the same molec-
ular mass, dendrimers possess good solubility and a
decreased melt viscosity but poor mechanical properties
due to low levels of crystallinity and interchain en-
tanglements arising from their highly branched topol-
Ogy_4,5

Theoretical studies of de Gennes and Hervet® have
focused on a mean-field model where it is assumed that
all the segments belonging to a given generation lie in
a concentric shell about a central core. However, efforts
of Naylor et al.” based on molecular dynamics simula-
tions and molecular mechanics calculations of dendrim-
ers up to generation 7 have revealed open structures
rather than a concentric shell assembly. Lescanec and
Muthukumar® used an off-lattice kinetic growth algo-
rithm to build dendrimers and found a density profile
that decreases monotonically outward from the center
of the molecule. The dendrimers simulated by Mansfield
and Klushin® using Monte Carlo (MC) techniques
revealed minima in the density profiles of the higher
generation dendrimers studied. These findings were
confirmed later by the MC simulations of Lue and
Prausnitz.19 Molecular dynamics simulations of den-
drimers in solution!! and within the glassy state!? have
been performed recently by Murat and Grest in addition
to Mazo et al., correspondingly. Murat and Grest treated
the solvent as a continuum and varied its quality by
changing the energetic parameter of the Lennard—Jones
(LJ) interactions between different monomers. The
simulations did not take hydrodynamic interactions (HI)
into account and were analyzed primarily in termsof
properties such as the radius of gyration and the radial
distribution function of monomers.

A very interesting feature of dendrimers is the
experimentally observed relationship between their
intrinsic viscosity (1V, [5]) and their molecular weight.
Intrinsic viscosity is a measure of a polymer’s ability to
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increase the viscosity of a solvent. log—log plots of a
dendrimer’s IV vs molecular weight increases until, at
a critical generation, a maximum is observed followed
by a steady fall in IV. In contrast to dendrimers, linear
polymers obey the Mark—Houwink equation

[7] = KM* 1)

where K and a are constants for a given polymer/solvent/
temperature system indicating a steady increase of 1V
with increasing molecular weight. Recent experiments
by Okumoto et al.’® show that eq 1 is valid also for star
polymers in a ®-solution with the same constant a but
lower K. Okumoto et al. also show that intrinsic viscos-
ity [n] lowers with increasing arm number. In the case
of dendrimers Mansfield and Klushin* followed a
variational approach due to Fixman'® to show that the
1V goes through a maximum no earlier than the fourth
generation. The IV of dendrimers calculated from the
hydrodynamic tensor approach of Aerts!® and from the
radius of gyration by Widmann and Davies!’ also exhibit
maxima. However, Cai and Chen?® found that a more
accurate treatment of the Mansfield—Klushin theory
does not yield the anticipated maxima and proposed a
new model in which the characteristic length of the
excluded volume interactions is smaller than that for
hydrodynamic interactions. They have shown that
hydrodynamic interactions play a very important role
and increasing the strength of HI leads to a more
pronounced maximum on the dependence of IV on
generation number.

Experimentally speaking, a recent rheological study
of polyamidoamine (PAMAM) solutions using PAMAM
dendrimers up to the seventh generation have been
performed under the influence of steady shear flow by
Tomalia et al.l® It was found that these dendrimer
solutions exhibit Newtonian flow behavior as manifested
by the direct proportionality of shear stress to shear rate
over the entire ranges studied.

In the present paper, Brownian dynamics (BD) is used
to simulate the intrinsic viscosity and various statistical
properties of dendrimers under the influence of shear
flow. This method allows the intrinsic viscosity of a very
dilute solution to be simulated over a broad range of
shear rate. Hydrodynamic and excluded volume interac-
tions are taken into account explicitly. In section 11, the
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Figure 1. Simulated dendritic polymers: with (a) every bead
branched (model A) and (b) every other bead branched (model
B). Three generations are shown for each model and the
trifunctional core is shown as a white sphere. Within these
figures, the radius of the monomer unit is equal to 0.257I
where | is a bond length.

model and details of the simulation algorithm are
explained. The results are presented in section 111 and
the main conclusions are summarized in section V.

1. Simulation Models and Algorithm

Brownian dynamics simulations in the presence of
shear flow of dendrimers with branching at every bead
(model A) or branching at every other bead (model B)
have been performed. These models are depicted in
parts a and b of Figure 1, respectively.

Beads within both models possess a friction coefficient
¢ and are connected by rigid rods of length I. The total
number of generations for a given dendrimer is denoted
by g where a g = 0 dendrimer contains a central core
with three rigid bonds each connected to one (model A)
or two (model B) beads, respectively. Up to the g = 6
generation for model A and up to the g = 5 generation
for model B are simulated. Torsional and valence angle
potentials are not employed, and the Ermak—McCam-
mon2° equation of motion is used where each integration
step is calculated according to

=T+ At/kTZD?j-IEJQ + V2-At + BO(AL)
J

i=0,..,N (2)

T’ is the position vector for bead i before a Brownian
dynamics step, At, where the core is considered when i
= 0. k is Boltzmann'’s constant, and T is the simulation
temperature. D is the diffusion tensor and V; is the
velocity of the solvent at the position of bead i where
for steady shear flow v{, = yy, vj, = v}, = 0. The
solvent is represented as a structureless continuum with
chain-solvent collisions mimicked by the vector ®
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which has a zero mean and a variance-covariance
matrix given by

DAY D](AY) = 2AtD] ©)

When hydrodynamic interactions are neglected
D = (KT/E)3y 1=0, ..., N (4a)
D=0 fori=j=0,..,N (4b)

where o and  both represent the X, y, or z components
and d,g is a Kronecker symbol. Fj0 in eq 2 is given by

~ N [doy
= —
J 2 “\or

i

— U, 0T) (5)

ro

where ok is an equation of rigid constraint for the kth
bond and Ak is the corresponding Lagrange multiplier.
The SHAKE algorithm?! with a relative tolerance of 2
x 107% is used to maintain a fixed bond length. A
Lennard—Jones potential, U, is invoked

S e

between all nonbonded beads i and j with a cutoff
distance, reuorr, 0f 2.50. The parameters o = 0.81 and ¢
= 0.3KkT are used as proposed by de la Torre and co-
workers?? to correctly reproduce the molecular-weight
dependence of the average square end-to-end distance,
[R2[] of a linear chain in a ©-solution. HI are repre-
sented rigorously by means of the Rotne—Prager—
Yamakawa interaction tensor.2® The diagonal elements
of the diffusion tensor Dj; are given by eq 4a and one
has

ARB

Ogp+ U
5

R’

gl (5 _SR;}R?].)

2| “ap 2
3R\ Ry

DY = h*(/3)Y*(3KT/A5)(IIRy) +

(7a)

where Rjj is the separation between beads i and j each
with Stokes’ hydrodynamic radius a for nonoverlapping
beads (Rj; = IR;jjl = [Fi — Tj| = 2a). The strength of the
HI effects is set by the parameter h* = (3/x)"2a/l =
(3/m)Y2E/(67msl) where s represents the solvent viscosity.
Two values of h*, h* = 0.25 and h* = 0.44, are used
which corresponds to the hydrodynamic radius a =
0.2571 and a = 0.45l. If the beads are allowed to overlap
(Rij < 2a) eq 7a is rewritten as®®

( _ﬁ)é +(L)R%Rﬁ
32a)° " (32a] R,

(7b)

D§ = (KT/E)

In this paper, dimensionless quantities are repre-
sented by an asterisk where length (1), energy (kT), and
translational friction { = 6apsa are set to unity. It
follows that time is reduced by I2/kT; and shear rate
by kT/¢I2. Dimensionless shear rates ranging from 0 to
102 are covered in this investigation. A dimensionless
time step between At =1 x 1072 and 1 x 10~* is used
which decreases with increasing shear rate. The mag-
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Figure 2. Dimensionless shear rate dependence of the dimensionless intrinsic viscosity for (a) a model A and (b) a model B
dendrimer with the number of generations, g, ranging from 0 to 6 performed in the presence of hydrodynamic interactions (h* =
0.25). For each generation a shear-thinning effect is observed. The onset of shear-thinning starts at smaller shear rates when
increasing the size of the dendrimer for both models. Part ¢ depicts results from a simulation of model A dendrimers performed
without hydrodynamic interactions (h* = 0). In all cases the limiting slope when 7* > 1 is very close to —/.

nitude of the time step is chosen so that the maximum
displacement of a bead is less than 10% of the average
bond length.

A procedure proposed by Murat and Grest!! is used
to generate the initial configurations up to g = 6. The
generation g = 0 of the dendrimer is built attaching b
= 3 chains of n = 1 (model A) or n = 2 (model B)
monomers onto the core at three randomly chosen
points. Each sphere of diameter o is joined to a similar
sphere through rigid bonds of length I. The next genera-
tion is built by adding b — 1 chains to each of the free
ends of the previous generation. The distance between
an added monomer and all other monomers is con-
strained to be larger than some distance rmin = 0.80.

Bead overlaps are not allowed and if a monomer cannot
be inserted after a reasonable number of trials (i.e.,
500—-600) the whole dendrimer is discarded and the
procedure of growth is started from the beginning.
After generation of its initial configuration, the den-
drimer is allowed to equilibrate for 100 000 to 500 000
time steps depending on the dendrimer size and mag-
nitude of the shear rate. The attainment of a steady-
state is monitored through the radius of gyration, R,
and the components of the inertia tensor, T. Following
equilibration, production runs are performed consisting
of an additional 400 000 to 3 000 000 time steps, again
depending on the size of the system and magnitude of
the shear rate. The normalized time autocorrelation
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function of the squared radius of gyration is calculated
according to

IR (O)R, (1)~ R,
R,'0- R0

CRg(t) = 8

A correlation time, tr,, is defined as the value of t where
Cr, (tr,) = e~L. This correlation time decreases as the
magnitude of shear flow increases and is less than 3—4
dimensionless time units in magnitude. The total length
of the runs is equal to 50—100tg,.

The dimensionless intrinsic viscosity is calculated
according to

(77 - 775)
=
[l =ty (%)
where the shear viscosity, 7, is calculated through the
nondiagonal component of the shear stress as

n=--" (9b)

The characteristic time, 4, (i.e., the characteristic time
of orientational diffusion of a single monomer) is given
as ¢l%/12KkT and n is the number density of dendrimers.
In standard rheological experiments the intrinsic vis-
cosity is related not to a number density of the polymer
chains as used in eq 9a but rather to the concentration
of chain monomers. For this reason, the normalized
quantity [i7]o = [7]5/N is also calculated where N is the
total number of beads in the dendrimer. Other details
of the simulation procedure are found within a previous
publication.?*

The following sections investigate the dependence of
the simulated intrinsic viscosity and radius of gyration
of dendrimers on the generation number, the molecular
weight, and the magnitude of the shear flow. Compari-
sons are also made with similar findings for linear
chains. The influence of the HI on the simulated
properties is also reported in addition to radial density
profiles and the translational mobility of the dendrim-
ers’ centers of mass. Note that error bars for all plotted
data points are smaller than the size of the symbols used
within the figures unless otherwise indicated.

I11. Results and Discussion

A. Intrinsic Viscosity. Parts a—c of Figure 2 il-
lustrate the shear thinning of the simulated intrinsic
viscosity for model A dendrimers and model B dendrim-
ers, respectively. Parts a and b of Figure 2 are produced
from simulations which employ hydrodynamic interac-
tions. No such interactions are used to generate the data
plotted in Figure 2c.

At low shear rates, a Newtonian plateau in the
intrinsic viscosity is observed with the onset of shear-
thinning occurring at smaller shear rates as the size of
the dendrimer increases. This effect is also seen for
linear chains?* but starts at higher shear rates as
compared with linear analogues of the same molecular
weight. To appreciate the rates required to shear thin
model A and model B dendrimers, consider the g = 4
dendrimer in Figure 2a where the intrinsic viscosity
begins to decrease at y* ~ 1. A solvent viscosity of one
centipoise, a bond length | = 1.54 A and a temperature
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Figure 3. Normalized dimensionless zero-shear rate intrinsic
viscosity as a function of generation number: free-draining
dendrimer without spacers (model A without HI), open spheres;
model A with different values of parameter h* of HI, closed
spheres and asterisks; dendrimer with HI and spacers (model
B), closed squares. All nondraining models reveal a pronounced
maximum.

T ~ 300 K affords a characteristic time on the order of
107! s and a shear rate of 101t s™1.

Parts a and b of Figure 2 reveal that at y* > 1 the
intrinsic viscosity of both model dendrimers scales as
[71* ~ y** where o is found to be close to —!/3. This
scaling seems to be independent of branching since the
same behavior is found for free-draining and nondrain-
ing linear chains with rigid valence bonds.?* Figure 2¢c
reveals additional evidence that this scaling is not
dependent on the presence of hydrodynamic interac-
tions. The onset of shear-thinning starts at higher
magnitudes of shear rate as compared to the nondrain-
ing case (cf. Figure 2a,b), but the asymptotic slope is
again very close to —/s.

For free-draining linear chains (i.e., Rouse model) [#]o
~ N2 ~ [R20where v is the Flory exponent and [R2is
the mean-squared size (end-to-end distance or radius
of gyration) of the chain.?®> For linear chains under
®-conditions, v = 1/, indicating that [#]o scales with the
first power of molecular weight. For nondraining linear
chains (i.e., Zimm model®) [#]o ~ [R3IN. The maximum
in the dependence of [7]o vs molecular weight can be
expected when the average volume of the polymer chain
starts to increase slower than its molecular weight,
which is typically true for dendrimers at high genera-
tions. [77]o is plotted in Figure 3 for model A and model
B dendrimers where zero-shear intrinsic viscosities are
deduced by extrapolating the curves found in parts a—c
of Figure 2 to zero shear rate.

The open circles indicate a steadily increasing, nearly
linear scaling of [#]o on generation number for free-
draining dendrimers where hydrodynamic interactions
are neglected. The filled circles and squares reveal this
is not the case for the nondraining dendrimers, where
hydrodynamic interactions are taken into account. The
nondraining data reveal a pronounced maximum in [#]o
around g = 4—5. This fact is also observed experimen-
tally for PAMAM dendrimers.26
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Figure 4. Dependence of the dimensionless mean-squared radius of gyration on dimensionless shear rate for (a) a model A and
(b) a model B dendrimer with the number of generations, g, ranging from 0 to 6. All simulations are performed in the presence
of hydrodynamic interactions (h* = 0.25). The onset of the visible increase in the radius of gyration is close to the onset of the
shear-thinning of the corresponding intrinsic viscosities. Dependence of the three different diagonal components of the mean
gyration tensor on the magnitude of shear flow is shown in part ¢ for model B and generation g = 4.

Mansfield and Klushin!* calculated the intrinsic
viscosity for PAMAM dendrimers using the Lescanec—
Muthukumar model.8 In these calculations, the excluded
volume of the monomer treated as a rigid sphere is
equated to its hydrodynamic volume. The results of MC
simulations!® showed that the maximum in the depen-
dence of intrinsic viscosity vs g is observed only when
the characteristic size of the excluded volume interac-
tions of monomer is smaller than its hydrodynamic
radius. Within the simulations in this manuscript, the
characteristic excluded size of the bead is 0.50 where o
is the Lennard—Jones parameter. The ratio Q of ex-
cluded size to hydrodynamic radius a is equal to 1.56

when h* is 0.25 and is equal to 0.89 when h* is 0.44. As
seen in Figure 3, the effect of decreasing the value of Q
tends to shift the peak in the [#]o vs g plots toward
smaller generations. On the other hand, the free drain-
ing (i.e., h* = 0) situation corresponds to the limiting
case of Q — o0 and does not illustrate a maximum within
Figure 3.

The occurrence of maxima within the [7]o vs g plots
when Q > 1 can be understood in terms of an argument
given by Chen and Cai'® within their MC simulations
of dendrimers. They propose the attractive portion of
the Lennard—Jones potential compensates part of the
repulsion between the beads of the dendrimer thereby
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making 0.5¢0 an overestimation of the characteristic
excluded size of a bead to be used in the calculation of
Q.

B. Radius of Gyration. The mean-squared radius
of gyration, R¢&™, as a function of shear rate for
dendrimers of varying generation g, is shown in parts
a (model A) and b (model B) of Figure 4. IR slightly
increases with increasing shear rate for smaller den-
drimers but increases much more sharply at some
critical shear rate for dendrimers with 4—6 generations.
This critical shear rate also denotes the onset of shear-
thinning as depicted in parts a and b of Figure 2. At a
given shear rate, the relative increase in radius of
gyration is higher for model B dendrimers.

The three diagonal terms of the gyration tensor [T [,
with a = x, y, and z, characterize the average dimen-
sions of the dendrimer in the three directions where the
x direction is the flow direction. These components
appear in Figure 4c for the g = 4 model B dendrimer.
The xx component reveals the dendrimer is stretched
more and more along the flow direction as the shear
rate is increased. At the same time, the yy component
decreases with shear with a slight increase in the zz
component.

Figure 5a compares the effect of shear on two den-
drimers and a linear analogue where all three molecules
have approximately the same value of [R# in the
absence of shear flow. One dendrimer is a g = 5 model
A, the other dendrimer is a g = 3 model B, and the
linear chain has flexible valence angles, excluded vol-
ume, and hydrodynamic interactions. With increasing
shear rate, the linear chain is seen to pass through a
maximum at moderate shear rates due to the develop-
ment of chain foldings.?* In contrast, Ry2(} for the model
A dendrimer does not change until dimensionless shear
rates of approximately 0.1 whereas [Rq?(* for the model
B dendrimer grows steadily from the application of
shear flow.

The affect of hydrodynamic interactions on the shear
behavior of [Ry?[F for a g = 6 model A dendrimer and a
g = 5 model B dendrimer is shown on Figure 5b. At low
shear rates, Newtonian behavior is observed with the
nondraining MR¢?* values very close to their free-
draining analogues as expected. At higher shear rates,
[R¢°*F for the nondraining and free-draining model A
cases remain very similar to the nondraining model B
dendrimer illustrating a much weaker shear rate de-
pendence of (RGZ* relative to the free-draining model
B dendrimer. Noticeable stretching should occur when
the magnitude of the shear rate, 7, is inversely propor-
tional to the characteristic relaxation time of the whole
chain.?®> For the Rouse model this relaxation time is
proportional to N2. For models with HI, the chain
relaxation time scales as N32 revealing why the stretch-
ing of these chains occurs at higher magnitudes of y
The dependence of the mean-squared radius of gyration
at zero shear, [R¢?[F, on molecular weight and genera-
tion number is illustrated in parts a and b of Figure 6
for model A and model B dendrimers. For sufficiently
long linear polymer chains and under the influence of
hydrodynamic and excluded volume interactions,
R¢’[§ ~ N as revealed by the open symbols within
Figure 6a. This does not come as a surprise as the
Lennard—Jones parameters were chosen to reproduce
©®-conditions for linear chains.??

Deviation from this scaling behavior for the shorter
chains (N < 30) in Figure 6a) shows that they are not
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Figure 5. (a) Dependence of the dimensionless mean-squared
radius of gyration on dimensionless shear rate for a model A,
g = 5 (triangles down) and a model B, g = 3 (triangles up)
dendrimer in the presence of hydrodynamic interactions (h*
= 0.25). The linear chain is simulated with HI (h* = 0.25),
excluded volume interactions in addition to valence angle and
torsional angle potentials (closed circles). (b) Dependence of
the dimensionless mean-squared radius of gyration on dimen-
sionless shear rate for a model A, g = 3 and a model B,g =5
dendrimer with HI (h* = 0.25; closed symbols) and without
HI (h* = 0; open symbols). Inclusion of the HI affords a weaker
shear rate dependence of the mean-squared radius of gyration
for both models.

long enough to follow the universal scaling dependence.
For the dendrimers, [Rg2[J ~ N for the first two model
A and model B generations. Generations 3—6 for both
model A and model B dendrimers reveal [Rq2[J ~ N°62
which is very similar to the findings of Mansfield and
Klushin on a Monte Carlo investigation of PAMAM
where R ~ NO. These data are also plotted in
Figure 6a. In general, this behavior is not expected to
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Figure 6. (a) Dependence of the dimensionless mean-squared
radius of gyration in the absence of shear on number of
monomers N. Filled symbols represent results from simula-
tions performed in the presence of hydrodynamic interactions
(h* = 0.25). BD simulation results in the presence of hydro-
dynamic interactions (h* = 0.25) for a linear chain withina ®
solvent are shown by open spheres. MC results from PAMAM
dendrimer simulations'* are also reported. The slope of 0.62
for models A and B is very close to that for PAMAM dendrimer
from Reference 14. (b) Dependence of the dimensionless mean-
squared radius of gyration in the absence of shear on genera-
tion number g. All simulations are performed in the presence
of hydrodynamic interactions (h* = 0.25). MC results from
simulation of PAMAM dendrimers from ref 14 are also
reported. The slope of 2 for models A and B is very close to
that for a PAMAM dendrimer from ref 14.

be valid at higher generations even for ideal dendrimers
where excluded volume interactions are not consid-
ered.?” In this case Ry?[j ~ g and N ~ 29 indicating
that [Ry?[{ ~ log N.

Figure 6b analyses the dependence of [R42[J in terms
of the generation number g. As compared to ideal
dendrimers the results of the present simulations show
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Figure 7. (a) Autocorrelation functions of the radius of
gyration (eq 8) of a model A dendrimer for different generation
numbers, g, ranging from 0 to 6. All simulations are performed
in the presence of hydrodynamic interactions (h* = 0.25). (b)
Dependence of characteristic relaxation times normalized to
that for the dendrimer of generation O for model A in the
present simulations (closed circles) and results of MC simula-
tions performed by Chen and Cai?® (open circles).

that the incorporation of excluded volume effects leads
to the stronger dependence, R¢?[J ~ g2. The quadratic
behavior is observed for model A and model B dendrim-
ers starting at the third or fourth generation which is
again in good agreement with the work of Mansfield and
Klushin.t#

C. Autocorrelation Function of Radius of Gyra-
tion. Figure 7a depicts the normalized autocorrelation
function of the squared radius of gyration, Cg(t), for the
model A dendrimer calculated in the absence of shear.
Cr,(t) is observed to decay the quickest for the lower
generations with the higher generations decaying the
slowest with the curves for generations 4 and 5 overlap-
ping up to nearly the first unit of dimensionless time.
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Figure 7b plots the values of a characteristic relax-
ation time, tg,, for different generation numbers of the
model A dendrimer (filled symbols) where tg, is defined
as the condition where Cg(tr,) = e and t%; is the
characteristic time for the zeroth generation model A
dendrimer. As expected from the data in Figure 7b, the
dependence of tr, on generations 3—5 is very weak. Chen
and Cai?® calculated tr, using Monte Carlo simulations
to carry out the calculation of the hydrodynamic tensor,
eigenvalues of the effective force matrix and character-
istic relaxation times for a similar dendrimer model
using preaveraged hydrodynamic interactions and ex-
cluded-volume repulsions. They performed these calcu-
lations at different values of the hydrodynamic radius
and their values of relaxation times using a = 0.316l
are plotted in Figure 7b as open symbols. Relative to
the values from the present investigation using a =
0.2571 the Chen and Cai data reveal a much stronger
dependence of relaxation times on generation number.
This difference may be due to fluctuations of the
hydrodynamic interactions which are not considered
when using preaveraged hydrodynamic interactions and
naturally take place in the present Brownian dynamics
simulations.

D. Translational Mobility and Hydrodynamic
Radius. The translational mobility of the model A and
model B dendrimers has been studied by the mean-
square translational displacement of their respective
center of masses (COM). These dependencies are almost
linear functions of time in all region of times covered
by these simulations and hence data are not shown. The
COM diffusion coefficient for each dendrimer is ex-
tracted from these data using the Einstein relationship
[Ar?(t)0= 6D¢omt. For nondraining polymers, the hydro-
dynamic radius, Ry, of the whole molecule is possible
to determine from the diffusion coefficient using the
simple Stokes relation

D, = KT/67 R, (10a)

where 7 is the viscosity of the solvent. It is also possible
to calculate the hydrodynamic radius as?®

1M1
Rh * = - (10b)
N2 |,]¢i|rij|*

where [Fjj|* represents the separation between two beads
and the angular brackets denote an average over the
phase trajectory. Finally, the hydrodynamic radius for
an effective sphere representing the whole dendrimer
can be calculated from its zero-shear intrinsic viscosity
according to?®

- 107 3«
(1" = 3 R’ (10¢)

Values for R, computed from these different approaches
are compared in Figure 8 along with the average radius

of gyration, R} = \/[R,}.

It is seen that R; is slightly larger than the hydro-
dynamic radii calculated from the diffusion coefficient
(eq 10a) and from the intrinsic viscosity (eq 10c) which
themselves are very similar. The hydrodynamic radius
calculated from the preaveraged approach given by eq
10b is slightly larger especially at low generation
numbers. This again implies that the fluctuations of the
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Figure 8. Dependence of the dimensionless average radius
of gyration and hydrodynamic radii defined in eq 10a—c on
generation number for (a) a model A and (b) a model B
dendrimer in the absence of shear. All simulations are
performed in the presence of hydrodynamic interactions (h*
= 0.25). The hydrodynamic radius calculated in a preaveraged
approach (eq 10b) is higher than Ry* and Ry* obtained via eq
10a and eq 10c.

HI which are not taken into account by a preaveraging
approach play an important role.

E. Radial Density Profiles. Parts a and b of Figure
9 display the average number density of monomers (in
the absence of shear) in concentric shells about the
center of mass which is taken as the origin. They are
normalized in such a way that the volume integral is
equal to the total number of monomers. In all the
dendrimers, a core region with high density is observed
near the origin. For small generation numbers, the
density monotonically decreases with increasing dis-
tance from the origin. Increasing the generation number
leads to shallow minima® followed by a shoulder of
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Figure 9. Dependence of the radial distribution function of monomers on the distance from the center of mass for (a) a model
A and (b) a model B dendrimer in the absence of shear. All simulations are performed in the presence of hydrodynamic interactions
(h* = 0.25). For large generation numbers, g > 5, these dependences pass through a relative minimum before first increasing and
finally decreasing again. (c) The distribution function of the terminal groups only for the model B g = 5 dendrimer is shown in
comparison with the distribution function of all segments for the same dendrimer.

nearly constant density inside the dendrimer. For
dendrimers of g = 5 and g = 6 each plateau is observed
when distance R* from the core is 1 < R* < 3.

Figure 9c gives the distribution function of the
terminal groups for a model B g = 5 dendrimer and the
distribution function for all segments for the same
dendrimer where the area beneath both curves has been
set to unity. It is clear that segments belonging to the
last generation are dispersed throughout the whole
molecule except in the region near the core which is in
agreement with previous simulations 8211, The dimen-

sionless radius of gyration, R! , generated from the

gw’
distribution function for all segments is 4.9 + 0.2 where

the dimensionless radius of gyration, R;t, calculated
using only the terminal groups is 5.4 4+ 0.2. The relative
difference

R;t - R;W

TR .
g,w

is equal to A = 0.10. Recently Topp et al.3° published
the results of small-angle neutron scattering experi-
ments on PAMAM dendrimers using deuterium labeling
and scattering contrast variation. For generation 7
PAMAM, the radius of gyration of deuterated terminal
units, Rgt = 39.3 +£ 1.0 A, was observed to be signifi-
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Figure 10. Dependence of the linear distribution functions of monomers on the distance from the center of mass for a model B,
g = 5 dendrimer under the influence of shear flow along (a) the x axis (b) the y axis and (c) the z axis. All simulations are performed
in the presence of hydrodynamic interactions (h* = 0.25). As the magnitude of the flow increases, the peak in the distribution of
monomers along the x axis lowers with a corresponding broadening of the distribution. On the contrary, the distribution of monomers
along the y axis become sharper as the flow increases. The distribution of monomers along the z axis is relatively unaffected by

increasing flow rate.

cantly larger than that for the whole dendrimer, Rqw =
34.4 £0.2. The relative difference A from (11) is in very
good agreement with the neutron scattering experi-
ments*® which give A = 0.14. The fact that Ry, is
larger than Ry, could lead one to infer that the
terminal groups are located on the periphery of the
dendrimer. Figure 9c reveals that this is not the case
and indicates that care must be taken when using the
relative magnitudes of Ry, and Ry, to ascertain how
the terminal groups are distributed within a dendrimer.

In parts a—c of Figure 10 we plot the linear density

profiles (normalized to unity) for the largest system
studied in this paper (model B of generation g = 5)

under the influence of shear flow. In this case, the
density is calculated along three different axes sepa-
rately because the dendrimer is no longer spherically
symmetric. In the absence of shear, all three linear
densities are similar in shape with a peak at small
values of Ry, Ry, and R,. Under the influence of shear
the dendrimer elongates in the x direction which flattens
the corresponding distribution function (Figure 10a).
The squeezing in the perpendicular direction leads to
the increase of the monomer density around center of
mass in this direction (Figure 10b). The linear distribu-
tion in the z direction is not strongly affected by the
shear flow (Figure 10c).
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IV. Conclusions

BD computer simulations of model nondraining den-
dritic polymers with and without spacers have been
performed under the influence of shear flow. A freely
jointed model of dendrimer with rigid bonds, excluded
volume, and HI interactions is used. Up to 6 generations
of dendrimers are simulated. The major conclusions are:

(1) Shear-thinning is observed for both models. The
onset of shear-thinning starts at a higher magnitude of
shear flow as compared to linear analogues of non-
draining chains with the same molecular weight.

(2) The maximum in the dependence of zero-shear
rate viscosity on the generation number is observed for
nondraining dendrimers and is located at g ~ 4. The
peak in the intrinsic viscosity is only observed when HI
are invoked. Increasing the strength of HI (dimension-
less parameter h*) leads to an even more pronounced
maximum shifted to smaller generations. Fluctuations
of HI, explicitly taken into account in the present
simulations, are very important: the hydrodynamic
radius calculated from the coefficient of translational
diffusion is very close to that calculated from the zero-
shear viscosity and to the average radius of gyration of
the dendrimer. At the same time, a preaveraged ap-
proach leads to a higher value for the hydrodynamic
radius.

(3) Shear flow leads to a monotonical increase in the
radius of gyration of dendrimers in contrast to a linear
chain where chain foldings were observed.

(4) Characteristic relaxation times for the autocorre-
lation function of the radius of gyration increase with
increasing generation numbers much more slowly than
predicted by a MC simulation?® of the model with
preaveraged hydrodynamic interactions.

(5) A radius of gyration based only on terminal units
that is larger than a radius of gyration based on all
monomers of a dendrimer does not automatically imply
the terminal units are located on the periphery of the
dendrimer.
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