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ABSTRACT: Brownian dynamics simulation is conducted to investigate the dynamics of dendpoigmer
conjugates on the basis of a coarse-grained bespdng model. The grafted polymers are found to slow the
global dynamics of the dendrimer core. Because of the structural difference between the two moieties, the
translational and rotational diffusivities of a conjugate show different scaling behaviors from those for a dendrimer,
but in principle follow a StokesEinstein fashion, analogous to polymers of other types. When the grafted chains
are long enough, they become brushlike, evidenced by the scaling behavior of the end-to-end distance as well as
the chain-length dependence of the rotational relaxation time. For the range of chain length investigated, it is
found that the brushlike grafted polymers still fall within the dilute regime. Thereby the interchain interactions
are not strong enough to render a change in the scaling behavior of rotation relaxation in comparison with an
isolated rodlike polymer.

1. Introduction modeling on dendrimer dynamics has been carried out. Mans-
field and Klushiri® calculated the upper and lower bounds of
hydrodynamic radiufR, of PAMAM based on preaveraged
hydrodynamic interaction (HI). At smaB, the upper and lower
bounds ofR, are close to each other and in good agreement
with the radius of gyratiofRy. However, neither the upper bound
nor the lower bound oR, grows linearly withG. This behavior
was reproduced by other researchers using a similar apgioath.
Alternatively, Mansfield used a novel capacitance-analogy
method to computdR, and obtained a reasonable trend with
varying G.1* Rouse dynamics of a dendrimer in t®econdition
was examined by Cai and Ché&hwho later took into account
the preaveraged HI and excluded volume effect in a following
; . . . work.2® Various relaxation times were determined, apart from
ocuses on the conjugate dynamics to complement our prior yiet sivity. Their theory predicted an equal relaxation time for
investigation on its structural behavidr. usivity.. 'y P X qual -

the dendrimer rotation and size fluctuation. The rotational

The structural properties of dendrimers have been extensively (g|axation time. however. showed a stronGatependence than
investigated during last two decades. The dendrimer size is o experimenial data.

predicted to scale as¥/*P5(G + 1)%5, NV4PY4G + 1)Y4, and
N3 in a good,®, and poor solvent, respectively whereN is
the number of monomer®, is the spacer length, ar@ is the

A dendrimer is a branched polymer with a well-defined
treelike structure and can serve as a potential effective device
for gene delivery, boron neutron capture therapy, molecular
recognition, and drug delived? To satisfy biological demands
in practical applications, some dendrimers are modified with
biologically friendly molecules. For instance, poly(ethylene
glycol) (PEG) was grafted to a poly(aryl ether) dendrimer and
an amino-terminated polyamidoamine (PAMAM) dendrimer to
form a water-soluble dendrimepolymer conjugaté:* Apart
from better satisfaction for biological demands, dendrimer
polymer conjugates are found to have a higher encapsulation
ability than that of the dendrimer counterpftThis paper

As for computer simulations of dendrimer dynamics, a
molecular dynamics simulation was employed by Murat and
o .
generations of the dendrimer. The outer segments ofadendrimerG res'i and Karatasos et . Tregtmg the SO'V?”‘ as a
continuum, Murat and Grest examined the relaxation times of

can fold back and stay in the interior spdcé? contrary to the . : i .
first thought that the dendrimer has a loose core and a densénternal fluctuation of dendrimer size. Because the dependence

shell. For a dendrimerpolymer conjugate, we have found that of the simulated relaxation times on the generation number was
the back-folding of terminal groups is ,reduced because the VETY noisy, no guantitative conclusion could be drawn. Karatasos

grafted linear polymers give rise to an increased steric effect. et al. considered explicit solvent molecules to investigate the

Therefore, the dendrimer has more interior space to encapsuIat(ggnrsr‘:ztr:?galnsrfig'g?&%&Egri:T?;?gci’gat‘lhg%téonrésit’io%ndﬂ:gcal
guest molecules. Moreover, the grafted chains indeed becom 9 y ’

brushlike when they are long enough. qong-time diffusivity of dendrimers appeared to be inversely
. . . . proportional to the square root of the molecular weight. The
For dendrimer dynamics, there have existed several experi-g o4 rotation slows down for a higher number of generations,
mental, theore’upal, aqd S|mulat|on stgdles_. Melizer et ?I' e_lpplled but becomes indistinguishable for G3 and G4 dendrimers. The
NMR to detlermme Splﬁlattlc;elzelaxatlon t'm(:S and SPHspIn autocorrelation functions of bond vectors decay faster for a lower
relaxation times of PAMAM:“Mourey et a°employed size |\, mper of generations. Outer bond vectors relax faster than
exclusion chromatography to measure the intrinsic viscosity and ;.o rior ones. Applying Brownian dynamics simulation, Lyulin
the hydrodynamic radius of polyether, the latter of which was et al?5 systematically explored the dynamics of neutral and
found to approximately grow linearly witB. A similar finding charged dendrimers with consideration of fluctuating Hl
was also reported for poly(propyleneimine) dendrimers from oy 1 ided volume effect, and electrostatic interaction via the
experiment$®17 Besides the experimental studies, theoretical Debye-Huckle approxim’ation. Both global and local dynamics

were studied and compared with the theoretical prediétith
* Corresponding author. E-mail: checsb@nus.edu.sg. and the experimental data.
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the spring constark is set to be 20@gT/lo? to render the bond
length fluctuation within 5% ofy, wherekg is the Boltzmann
constant andT is the absolute temperature. The interaction
between nonbonded beads is described by a Lennard-Jones (LJ)

potential:
wooslfl e

Using eq 2, the solvent quality is determined by the values of
w and cutoffre,. We specifyo = 0.8, w = 0.3 kgT, and

ret = 2.50, as in the study of Rey et &l. Using these
parameters, our test on free linear polymers finds that the
squared end-to-end distance follows a power law with an
exponent of 1.029,thereby corresponding to a state near the
©® condition for linear polymers.

The total number of beads in the dendrimer relates to its
terminal generatioi® by the following equation:

Figure 1. Schematic of a dendrimepolymer conjugate. Open circles
represent the beads of the dendrimer core, while the filled circles are N=26t2_2 (3)
the beads of the grafted polymers.

and the number of end beablgnq is

For the dynamics of conjugates in a melt state, Stark €t al.
used X-ray scattering and quasielastic neutron scattering to study N
carbosilane dendrimers up to three generations with perfluoro-

hexyl groups on the surface. The dynamic structure factor of \y,u assume that each of the end beads is attached by a linear

the labeled dendrimer core was analyzed to deduce the pain ofn,,.. bonded beads. Therefore, the total number of
segmental translational diffusivity of the dendrimer core and beads in the dendrimepolymer conjugate is

the rotational diffusivity of the surface groups. They reported

that the segmental diffusivity of G3 with surface groups was Ny = N + Ny Nop )
reduced by a factor of 7.4 compared to that of G3 only, while total end “chain

an increasing generation number slightly decreased the rotational ) ) ) ) ]

diffusivity of the surface groups. To our best knowledge, there For dendr_lmers without attached chams, we investigate the cases
exists no study on the dynamics of conjugates in a solvent. ©f G ranging from 2 to 5, corresponding bofrom 14 to 126.

We had applied Monte Carlo simulation to investigate the For dendrimer-polymer conjugates, we fic = 3 and vary
effect of grafted polymers on the structural properties of the length of the attached chains frd¥ai= 2 to 15, which
dendrimers in the previous woPkin view of the practical ~ corresponds o between 62 and 270.
applicability and advantage of dendrimgrolymer conjugates The motions of the beads are governed by the stochastic
in drug encapsulation, it is important to understand their differential equations (SDBj with negligence of the inertial
dynamics as well. The present study employs Brownian dynam- term. In the Bl Spatial coordinates, SDE in the absence of
ics simulation to examine the translational and rotational external flow can be expressed as
diffusivity of conjugates in a dilute solution and the influence
of the attachment on various relaxation times. Because the _ . . .
dynamical properties simulated by Lyulin et?@kre of interest Rt+AD =R(0) + (M-F +kgTV-M)AL+ V2B-AW (6)
and relevance to our system, we follow some of their definitions
and make comparison in this study. with

= 2(5+l (4)

e

2. Model and Simulation M =B-B' (7)

We consider a dendrimepolymer conjugate for which linear ) ) ) )
polymer chains (filled circles) are attached to a dendrimer (open IN €4 6,R is @ MNera vector representing the spatial coordinates
circles), as shown in Figure 1. The architecture adopted here isOf all the particlesM is the mobility tensor (Biotal X 3Nota)

a dendron emanating from two central connected trifunctional depending on Hi between all the particlésis the Nea force
units (zeroth generatior:1°which is identical with that used ~ vector determined by the gradient of the interaction potential
in our previous papeérThe bonded spherical beads of the same

mass are utilized to represent the monomers of the dendrimer F=-v(US+UY) (8)
and of the linear polymers by assuming the spacer length to be

unity. The bonding energy is modeled by the energy of a andAW is a I vector arising from the Brownian motions

harmonic spring: of the particles, which is obtained by the Wiener process, and
each component has zero mean and variance equst. to
S 2 . . . . .
U>=k(r — o) (2) The most computation-intensive part at each time step in our

simulation is the determination of the mobility tenddrand
with k being the spring constarg,the equilibrium bond length,  its decomposition to obtaiB (see eq 7). We adopt the Ronte
andr the distance between two bonded beads. In this study, PragerYamakawa tensés-3° cDV
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1 .
§EQ (i=j
1 2a° 28| . .
Mij= 8.71'_/,”(14_?)'_}—(1_7)? (i=j,r=0)
1 or 3rrr .
555@ 35 T3z (i=jr<o
|

lo)

for each pair of particles, whereis the unit tensory is the

solvent viscosity, an@ = o/2. Because the solvent is incom-

pressibleV-M vanishes. The determination Bfis usually done

by the Cholesky decompositiéh.To reduce the computation

time, we use the Chebyshev polynomial approximafido

directly computeéB-AW instead. This method was first proposed

by Fixmar#® and later improved by Jendrejack et3&lFor

detailed discussion, we refer the readers to the original work.
Hereafter, we nondimensionalize all the lengthslhytime

by Clo¥ksT, energy byksT, and diffusivity by kgT/¢, where
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Figure 2. Short-time diffusivity as a function of radius of gyration.

Table 1. Simulation Results for Dendrimers and the Exponents of

Power Laws
£ = 3muo is the friction coefficient of the bead. The initial R DK 5 b
configuration is constructed with the procedures used in our ° L
previous work The system is equilibrated first by 1P off- g - g é'gg 8'33 8-;? 822
lattice Monte Carlo (MC) steps with the standard Metropolis G=2 565 0.21 021 0.20
algorithm3® and then by Ix 10* additional Brownian dynamics G=5 8.63 0.16 017 015
(BD) steps withAt = 0.0005, taking into account HI. After the v (~R") 1.05 1.05 1.06

system has been equilibrated, the data is collected in the next

1 x 10° BD steps with HI effect. At least three independent

Table 2. Simulation Results for Dendrimer—Polymer Conjugates

runs are carried out for each case and the average is taken so and the Exponents of Power Laws

as to reduce the statistical error. Because of statistical inaccuracy, R con DK Ds D,
some long-time dy_namlca_l results at lalyga are omitted in G =3 Nyan=0 350 027 027 025
the figures shown in Section 3. G = 3, Nehain= 2 6.15 0.20 0.20 0.20
] ) G =3, Nchain= 3 7.51 0.18 0.18 0.16
3. Results and Discussion G =3, Nchain="5 10.28 0.16 0.16 0.13
. . . G =3, Nchain=7 13.30 0.14 0.14 0.12

Brownian motion of macromolecules in a solvent can be i

distinguished into short- and long-time diffusion. At a small ¥ (~Rycon) 0.99 1.00 118

time scale in which the object diffuses a distance much smaller )

than its own size, the random motion is regarded as short-time Meéan-square displacement (MSD) of the mass center of the

diffusion that is affected purely by a hydrodynamic effect COnjugate:

averaged over the instantaneous equilibrium configurations. In

contrast, the long-time diffusivity involves a larger time, over Do = lim

which the object diffuses a distance larger than its size and is S o

influenced by memory effect arising from evolution of config-

uration and/or interactions among the entities. In principle, a provided that the time period used in the calculation is

rather long simulation time is required to obtain a precise long- sufficiently small, yet withAt much longer than the momentum

time diffusivity. This task, however, could become practically relaxation time of the constituting beads. These two methods

difficult due to the limitation of CPU power. indeed produce an equal short-time diffusivity, as demonstrated
The short-time diffusivity can be determined by taking in Figure 2, where we plot the diffusivity of a dendrimer and

average for the trace of the mobility tensor and is expressed byof a dendrimerpolymer conjugate as functions of the corre-

the Kirkwood formul&é-37 sponding mean-square radii of gyration. The slope of the line

in the log-log plot is about—0.5, clearly indicating the

MSD()
6t

(12)

‘ KeT Nota applicability of the StokesEinstein relationship. The numeric
D" = — z TriM;0 (10) values ofDK andDs are also listed in Tables1 and 2.
3N 1 Figure 3 shows the short-time diffusivity of a dendrimer

polymer conjugate with varying length of attached chains as a
function of the total number of beads. For a free-draining model,
the friction coefficient of the conjugate is the sum of the friction
coefficients of all the individual beads, each simply given by
the Stokes law. In our simulation, all beads are of the same
size and so are their friction coefficients. Therefore, the
diffusivity of a free-draining conjugate is expected to be
inversely proportional to the total number of beads of the
whererj is the distance between beacandj. DX can be conjugate. Our simulated dependenc®gbn 1N for a free-
calculated by either MC or BD simulation because it requires draining model is nearly linear, in agreement with the expecta-
only instantaneous equilibrium chain conformations. In principle, tion. If HI is taken into account, the frictional resistance
the short-time diffusivity can alternatively be determined by the experienced by each bead is reduced because of the hydéw-

whereJ0Odenotes an ensemble average. Applying the Retne
Prager-Yamakawa tensor to eq 1 yields

KgT

2 .
671N =T i

DO
—+
N

DK =

11)

total
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Figure 3. Short-time diffusivity as a function of total number of beads.

namic screening caused by the other beads, thereby leading to

an increase in diffusivity when compared with a free-draining
model, as shown in Figure 3. Our simulation finds that the
dependence dDs on Nita UP 10 Nehain = 15 follows a power
law with the exponent equal te0.45, which is stronger than
that for a dendrimer~¢ 0.32, obtained from G2 to G?)This

behavior makes sense because the conjugate is composed of aim n
dendrimer core and periphery linear chains; the two moieties

are structurally different. It should be noted that the power of
—0.45 is different from—0.771 reported in our prior study,
where longer grafted chains & Nchain < 30) are used (see
Figure 16 of ref 5). In fact, that work has found that the grafted

rot
w
=
&
Il
—
o0
—_

g conj

Figure 4. Rotational relaxation time of a conjugate as a function of
radius of gyration.

Table 3. Comparison ofzot ~ NY for Dendrimers

14

this study Lyulin et af? Cai and Che#f:20
without HI 1.47 1.6 1.0
1.08 1.3 1.1

thatD, is slightly smaller tharDs for either a dendrimer or a
conjugate as expected. For conjugates, our result®foin
Table 2 show a slightly stronger dependencé&gthan expected

(v = 1), because of limited accuracy associated with the

polymers become brushlike when they are long enough. As such,insufficiently long times used.

each of the chains, when isolated, would show a diffusional

behavior, which scales as MynaifNchain It therefore implies a

stronger dependence of the conjugate diffusivity on the total

bead number wheNain increases.
The long-time diffusion can be determined from MSD of the
mass center by

MSD(t
D, =lim ©

t—o 6t (13)

In principle, accurat®, can be obtained by using a very large
t. However, it requires an infeasibly long computation time,

The rotational diffusion of a dendrimepolymer conjugate
as a whole can be characterized by the time correlation function,

1
Crot(t) i Z @%(O)‘e.(t) 0

(14)
Nend [

with

F'e — T'cconj

6=

lei — I’C,conj|

primarily because the time-consuming decomposition of the whererg is the position of the free end bead of fitle grafted

mobility tensor scales ai23.34 To avoid this difficulty, we
adopt an approach similar to that of Lyulin et?ato calculate

chain, and ¢ conjis the center of mass of the conjugate. Because
the correlation function in principle decays exponentially with

D, based on MSD ranging from a squared gyration radius up time, we determine the relaxation tinig; from In Ciof(7ior) =

to 20. The results for dendrimers and conjugates are tabulated—1. Figure 4 plots. of a conjugate against iB;

in Tables 1 and 2, respectively. The power-law exponBr(
R,") is also shown in the last row of each table. Under an
athermal condition, Lyulin et & recently reportedD, ~
R,%® for dendrimers using the simulation results for up to
three generations in their defined modhil fanging from 4 to
46), while they also obtained, ~ N=%35in the same work. A
combination of the two findings leads to a scaling relationship
Ry ~ N°43 which is consistent with the listelg, in their Table

1. This strong\ dependence dR is different fromRy ~ NY3
obtained by other researchér®:12|t is partly attributable to
the inclusion of the results for small in the determination of
the scaling power. For example, their data will gRg~ N°-37

if the result forN = 4 is excluded. Using Table 1, we find that
Ry~ N°33 with N ranging from 14 to 126, is in better agreement
with the literature value. It can be found that both short-time
and long-time diffusivities are nearly inversely proportional to
Ry Our recent MC simulation has indeed obtairi®ti~ N~0-32
andRy ~ N°3tfor dendrimers from G2 to G¥showing a similar
behaviorDK ~ R;l'o“. From Tables 1 and 2, one can also see

con;j fOT both

the free-draining case and the case with HI. Similar to our recent
results for a linear polyelectrolyf8,gnoring HI leads to slower
rotational dynamics of the conjugate because of the absence of
hydrodynamic shielding. We also carry out simulations for
dendrimers (G2 to G5) without grafted chains and show the
results and comparison in Table 3. Our result for the case with
HI agrees well with Chen and Cai’s predicti&hyhich is based

on a preaveraging HI approximation. The better agreement than
that obtained by Lyulin et &8 is probably due to the flexible
spacer used in our simulation. Moreover, using the exponent
shown in Table 3 and the scaling behavior Rf from our
simulations findsryot ~ '2, which is similar tor,ot ~ R3 of an
impermeable sphere with radis When HI is neglected, the
powers predicted from this study and Lyulin efakre quite
different from that of Cai and Chedwho did not consider the
excluded volume effect. For dendrimguolymer conjugates,
our simulation results in Figure 4 yieldo ~ Rg,; with HI
effects, as opposed 9o ~ R} 5, for the free-draining case.

,conj

For the former, the slight deviation of the exponent from &BV
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Figure 5. Reorientation relaxation time of bonds of the dendrimer
core as a function of the length of grafted chains.

expected value of 3 is due to insufficient accuracy in the
simulations. Both the translational diffusivity and the rotational

relaxation time of a conjugate depend more strongly on the total _a —b
number of beads than the dendrimer counterparts. This behavior oA —
can be explained by the hybrid rotational dynamics of the ! — ]

dendrimer core and the grafted chains. The reorientation
dynamics of the grafted chains will be analyzed in more detail

!
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chain

Figure 6. Relaxation time of the gyration-radius fluctuation of a
conjugate as a function of the length of grafted chains.
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The local reorientation of a single bond inside the dendrimer
can be explored by the correlation function

1
Cori(t):N_glz[ﬂ)i,g(o)'bi,g(t)D (15) 0.1

2 4 6 8 10 12 14 16
chain

wherebi 4 is the unit vector between two bonded beads at the Figyre 7. Relaxation time of internal pulsation for different generations
gth and ¢ — 1)th generation of the dendrimer, ahy is the as a function of the length of grafted chains.
bead number in thgth generation. The corresponding relaxation
time 7o is plotted as a function oNghain in Figure 5. As dendrimer core by monitoring the motions of beads belonging
expected, slower reorientation dynamics is obtained for the to the same generation through the correlation function
bonds at lower generations of the dendrimer because the 5 5 )
reorientation involves the motion of a bigger substructure linked 1 _ 20N (00— m,3
to the bead. It is interesting to find that the relaxation time for Cpul(t) = z
the most outer bonds of the dendrimer cage<(3) appears to Ny 4
approach a constant at larRnain

The dynamics of the size fluctuation of a dendrimpolymer
conjugate can be characterized by the correlation function

[Rs,conﬂo)l:%,conﬁt)m_ m%,con}ﬂ

4 2 (47
' 0 7,3

with
W=y — 1o’

wherer;g is the position of theth bead in thegth generation,
Eﬂﬁ,con}]— |]R'S,conjﬁ and rc is the center of mass of the dendrimer core. The
) _ ) _ _ _ corresponding relaxation timgy is plotted against the length
The relaxation oCr(t) is associated with the internal motion  of the grafted chains for different generations in Figure 7. It is
of the conjugate and is thus independent of the conjugate eyident that the pulsation is slowed by the grafted chains, and
rotation. The corresponding relaxation timg is plotted against  the effect becomes stronger with increasing chain length. The
the chain length in Figure 6. It can be found thay? is relaxation is slower for the more exterior generation. From
significantly smaller than the rotational relaxation tinng; Figure 7, we can conclude that the grafted polymers slow the
shown in Figure 4. There exist three effects when the attachedsjze flyctuation of the dendrimer core.

chains increase in length: (1) reduced back-folding of the  oyr prior MC simulatiofi has found that, at sufficient length,
terminal segments of the dendrimer core because of thethe attached chains become brushlike owing to an increased
increased steric effeéieading to a more ordered and rigid core  steric effect. For an isolated rodlike chain of sufficient length,
structure; (2) increased flexibility of the conjugate due to the a rotational relaxation time scalesmﬁ _without HI and as
grafted linear polymers; (3) increased hydrodynamic dampening ;3 1N Nepaif2) with HIS® To explo?g the reorientation

as the total number of beads increases. Our simulation resultsdfl?]aémics of the grafted chains, we calculate the correlation
show that the combination of the latter two effects appears function '

greater than the former, and therefargz increases wittNcnain,

but levels off forNehain= 7, for which the grafted polymers are

found to become brushlike in our prior wotklo complement

the analysis, we also examine the internal pulsation of the

CRgz(t) = (16)

(18)
CbV

1
Cenaill) = N_ Z W;(0)v, ()

end !
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chain lengthNchain = 15 examined in this study, the radius of
dendrimer core is about 2.6 and the end-to-end distance of the

0O 7, WitoutHI grafted chain is 7.2 Accordingly, the volume of the spherical
""" :igg::;gg shell housing the grafted chains can be estimated, and then be

divided byNenq to give the average volume per chain. The cubic
root of this average volume is found to be 6.2, which is
comparable to 7.1. For brushlike chains, this condition is around
the limit of the dilute regime, so the interchain interactions are
not strong?® As such, each of the grafted chains can be regarded
as reorienting within a conical region on average, and the chain-
length dependence of the reorientation is not much affected by
the neighboring chains.

When the grafted chains become very long, a conjugate is
expected to behave as a star polymer, where the dendrimer is
equivalent to the star core. The grafted chains are thus no longer
brushlike. This limiting case is beyond the scope of the present
study withNchain < 15. Verification of this asymptotic behavior
for dynamics would be computationally difficult because of a

L ./. .
ool ./ i very largeNytq incurred.
08 ./ 4. Conclusion
' / We have conducted BD simulation to investigate the dynam-
07k i ics of dendrimers and dendrimepolymer conjugates based on
SR a coarse-grained beagpring model. The grafted polymers are
06k i found to slow the global dynamics of the dendrimer core.
. Despite the structural difference between the two moieties, the
05t / J translational and rotational diffusivities in principle scale as
S Ry eon @NdR; %1 in a Stokes-Einstein fashion, analogous to
04 - :1 é n 7 polymers of other types. The local dynamics, such as the size

chain

Figure 9. Average projection of chain orientation in the radial direction
as a function of the length of grafted chains.

with

Vi = Ri,etelRi,ete

whereR; ¢t is the end-to-end vector of thiéh grafted chain.
The corresponding relaxation timg,aincan then be determined.
In Figure 8, we plotchain@ndtchain IN(Nehai2) against the chain

length for the cases without and with HI, respectively. The linear

fitting for Nenain> 7 in the log-log plot findszchain~ N2, for

fluctuation and the bond reorientation relaxation of the den-

drimer core, is also retarded by the attached polymers. When
the grafted chains are long enough, they become brushlike,
evidenced by the scaling behavior of the end-to-end distance
in the prior work and by the chain-length dependence of the

reorientation relaxation time obtained in the present study. For
the range of chain length investigated, it is found that the

brushlike grafted polymers do not interact strongly to render a
noticeable change in the chain-length dependence of their
reorientation, as compared to an isolated rodlike polymer.
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