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ABSTRACT: The properties of dendrimers (‘‘stai.burst” molecules) under varying solvent conditions are 
studied using molecular dynamics simulations. ‘Ilie dendrimers are found to have a compact (space filling) 
structure under all solvent conditions, with a radius of gyration which scales with the number of monomers 
as RG = N1”. For high generation number dendrimers, there is a distinct region of constant monomer 
density. The density in this region depends ciily on the solvent quality and is independent of the 
generation number. When the contributions of the different generations to the overall density profile 
are separated, we find that the monomers which belong to the first few generations are stretched and 
spatially localized. Later generations are less localized and penetrate well into the central regions of the 
dendrimer. The different primary branches (“dendrons”) of the dendrimers are found to be segregated. 
The amount of spatial overlap between the diiierent dendrons decreases with increasing generation 
number of the dendrimer and increasing solvent quality. The relaxation times of the fluctuations of the 
internal structure were evaluated as well, to ensure that the simulations were run long enough for 
adequate sampling. 

I. Introduction 
A special class of branched polymers is the dendrim.. 

ers or “starburst” molecules. These molecules consisi, 
of relatively short chains with multifunctional groupsi 
at both ends. When built around an initiator core, with 
the functional groups of each generation reacted beforc! 
adding a new generation, these chains form moleculeti 
that resemble a Cayley tree.1*2 Dendriiners are char.. 
acterized by the number of generations g they contain, 
the functionality b of the end groups, and the numbel, 
of monomer segments n between the functional groups; 
(the spacer). The total number of monomers a den.. 
drimer contains grows exponentially with its generatior! 

lFfl - 11 
Obviously, as the volume that is available to thc! 
dendrimers grows only as g3,  the dendrimers cannot be 
grown indefinitely. A schematic diagram of such den., 
drimers with trifunctional end groups is shown ir. 
Figure 1. For a recent review of a variety of synthetic: 
routes for producing dendrimers, see Voit.2 

An early attempt to  analyze the structure of dendrim- 
ers was made by de Gennes and H e r ~ e t . ~  Their self. 
consistent field analysis was for dendrimers with long: 
spacers (large n). Assuming that the monomers of each 
generation lie in a concentric shell of their own, thejr 
concluded that a perfect dendrimer can be grown up to 
a limiting generation number gl = 2.88(1n n + 1.5). Up 
to that generation number, the concentration profile 0.’ 
dendrimers grows parabolically near the core anc 
saturates at a value of order 1 at the outer regions. Thej’ 
found that the size of the dendrimer depends on the 
number of monomers as R = N1I5, giving an effective 
fractal dimensionality df = 5. Beyond the limiting: 
generation number, only imperfect growth is possible, 
with some of the end groups being only bifunctional 
Naylor et u Z . ~  carried out atomic-scale molecular dy. 
namics (MD) simulations of dendrimers up to generation 

number and is given by N = nb[(b - 
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g = 2  

Figure 1. Schematic diagram of a dendrimer with b = 3 and 
n = 4. Generation numbers g = 0, 1, and 2 are shown. The 
inner circle represents the core. 

7. These simulations used atomic-level force fields and 
consequently yield detailed information on the molec- 
ular structures. However, since the relaxation times 
of polymeric molecules are extremely long, it is not clear 
if the structures obtained in these simulations are 
thermodynamically equilibrated. Nevertheless, the vi- 
sualizations of the simulated dendrimers show rather 
open structures, with no indications of the concentric 
shell structure assumed by de Gennes and Hervet. The 
first simulations of course-grained models of dendrimers 
were performed by Lescanec and M ~ t h u k u m a r , ~  who 
built dendrimers by an off-lattice kinetic growth algo- 
rithm of self-avoiding walks. In contrast to the results 
of de Gennes and H e r ~ e t , ~  they found a density profile 
that decreases monotonically outward from the center 
of the molecule. The simulations exhibited significant 
chain folding. The dendrimer size was found to scale 
with the number of monomers and the spacer length 
as R = NvnB, with v = 0.22 i 0.02 and p = 0.50 f 0.02. 
The N dependence is in accordance with the self- 
consistent field results. However, no thermodynamic 
relaxation was performed on the kinetically grown 
structures, and it is not clear whether these results hold 
for equilibrated dendrimers. Mansfield and Klushin6 
later showed that the hydrodynamic radii calculated 
using the Lescanec-Muthukumar structure is consis- 
tent with the experimental hydrodynamic radii. The 
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same authors performed Monte Carlo simulations of 
dendrimers and found7 a density profile qualitatively 
similar to the one found in ref 5,  except that the density 
profile exhibits a minimum as a function of the distance 
from the center for high generation numbers. Their 
simulations showed that the chains are folded to  an 
extent that the monomers of the terminal generation 
are found at  all distances from the center of the 
dendrimer. A detailed analysis of these simulations8 
demonstrated that the different dendrons (the different 
branches at the first level of branching) demix and 
segregate even though the monomers are chemically 
identical. In addition to  simulations, renormalization 
group methods have also been applied to study dendrites 
in good solvent  condition^.^ 

For all these studies the dendrimers were in a very 
good solvent. In this paper, we present molecular 
dynamics simulations of dendrimers in solvents of 
varying quality. To our knowledge, these are the first 
simulations of dendrimers that incorporate solvent 
effects. In the next section, we describe the simulation 
model and method. The results are presented in section 
111. In section IV, we briefly summarize our main 
conclusions. 

11. Simulation Model and Method 
We simulate the dendrimer molecules using a molec- 

ular dynamics method, solving Newton's equation of 
motion of each monomer. We treat the solvent as a 
continuum, which acts as a heat bath for the dendrimer 
and produces a viscous drag when the dendrimer moves. 
The equation of motion for monomer i of mass m is thus 
given by 
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tion and change the effective quality of the solvent 
without explicitly introducing solvent particles. In 
addition to dendrimers in athermal solvents, we simu- 
lated dendrimers at temperatures; that correspond to a 
good solvent (T = 4.0), a 0 solvenl, ( T  = 3.0), and a poor 
solvent (T = 2.0) for linear chain,3.l1 

The chemical bond between thl3 monomer segments 
is represented by the attractive potential Uch. The form 
of this potential is given by 

where r is the friction coefficient that couples the 
monomers to  the heat bath. The random part of the 
monomer-heat bath coupling is given by a white-noise 
term \Vi(t), which satisfies 

(2) 

Here kB is the Boltzmann constant and T is the 
temperature. The potential Ui is composed of two 
terms: Uj = xj<. + Uch. < is a Lennard-Jones (U) 
potential 

(@i(t)'Gj(t')) = 6k~Tmrs,jd(t - t') 

lo i f r  > rc 

with r = re being the distance between monomers i and 
j .  5 is approximately the diameter of a monomer 
segment. For an infinitely good solvent, the cutoff 
distance is taken as rc = 21/60, such that the potential 
is purely repulsive. We refer to  this limit of very good 
solvent condition as the athermal case. In the athermal 
case, there is no significance to  the value of the tem- 
perature, and it merely determines the kinetic energy 
scale. In order to be consistent with our earlier work,l0 
we took T = 1 . 2 d k ~ .  To introduce the effect of solvent 
quality, we extended the range of the interaction to rc 
= 2.50. Thus by changing T,  we could vary the relative 
importance of the monomer-monomer attrac- 

with k = (T /1 .2)30~/0~ and Ro = 1.50. r is the distance 
between a monomer and its neighbors to  which it is 
bonded chemically. This choice of parameters, including 
the temperature dependence of k ,  ensures that the 
average bond length is essentially independent of T and 
is about 0.970. 

The equations of motion12 of' the monomers are 
integrated using a velocity-Ver let algorithm with a 
time step At,  taken to  be as large as possible, while 
keeping the integration stable. 'Ne used At = 0 . 0 1 2 ~  
for the athermal case, and At is the range 0.006~-0.008~ 
for the cases in which the potenhial has an extended, 
attractive contribution. Here z = tr(m/e)1/2 is the natural 
time unit in this model. The friction coefficient r was 
set to  be r = 0.5~-l. We used units in which m = o = 
E = 1 and measured the temperature in units of E/kB. 
Further details on the simulatim technique can be 
found e1~ewhere.l~ 

The initial configuration for tqe dendrimers in an 
athermal solvent is built as follow!;. The stationary core 
of the dendrimer is taken to be a small sphere of radius 
0.50. To build the g = 0 generaticin of the dendrimer, b 
chains of n segments (monomers) are attached at one 
end onto the core at three randomly chosen points. Here 
b is the branching factor and n is the number of 
monomers between each branching; point. In the present 
study, we used b = 3 and n = 7. 'The segments of each 
chain are taken to be nonreversing random walks of 
length 5. To allow for faster equilibration of the 
dendrimer, the distance between a newly added mono- 
mer and all the previous monorrers is constrained to 
be larger than some rmin (constraint of no overlap). If 
this condition is not fulfilled, a new position is selected 
for the segment to be inserted. The g = 1 generation is 
built by adding b - 1 chains to each of the free ends of 
the g = 0 dendrimer, making sure that the newly added 
monomers do not overlap with m y  of the previously 
added monomers. In the simulations described here, 
we used rmln = 0.80. The same procedure is continued 
to build dendrimers of higher generation number. 
Obviously, as g increases, it beccmes increasingly dif- 
ficult to fulfill the constraint of no overlap. If a 
monomer cannot be inserted after a predetermined 
number of trials (we used 500 tiials), the whole den- 
drimer is discarded, and the whde process is started 
again with a new random numbctr seed. 

This procedure allowed the coni3truction of the initial 
configurations of dendrimers up to  g = 6 within a 
reasonable computer time. For larger dendrimers, it 
proved to be practically impossible to fulfill the con- 
straint of no overlap. In order to overcome this problem, 
we added the monomers for the '7th generation on the 
free ends of the equilibrated g = 6 dendrimer. The 
equilibration was carried out in 1,he manner described 
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600 I I Table 1. Details of the Simulations" 
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Figure 2. Evolution of the instantaneous R G ~  of the g = t3 
dendrimer in an athermal solvent. t = 0 corresponds to tF.e 
nonequilibrium initial configuration. The inset shows tF.c 
evolution of the instantaneous R G ~  of the g = 8 dendrimer i n  
a good solvent with temperature T = 4.0, starting from a n  
equilibrium configuration of the g = 8 dendrimer in a n  
athermal solvent. 

below. Similarly, the g = 8 dendrimer was built from 
the equilibrated g = 7 dendrimer. 

In principle, one could build the initial configuration 
with overlapping monomers, relaxing the constraint of 
no overlap, and replace the Lennard-Jones potential by 
a much softer one at the initial stages of the equilibrii- 
tion process, until the monomers are well separated. 
This approach was used successfully for systems coni- 
posed of essentially linear chains, such as polymer 
stars14J5 and polymer brushes.16 However, the high 
level of branching present in the dendrimer system 
leads to considerable entanglement for the overlapping 
configuration, and we found it virtually impossible l o  
untie the resulting knots by gradually increasing tho  
magnitude of the repulsive interaction. For small 
values of the interaction, the overlap of the monomem 
persisted. When the interaction strength was increased, 
the small distances between the monomers led to very 
high local forces, which rendered the simulations un- 
stable. 

Starting from the initial configuration, whose coil- 
struction was described above, the dendrimer in a good 
solvent was equilibrated. The equilibration was moni- 
tored by measuring the overall dimensions of the 
dendrimer, such as the instantaneous radius of gyratioii. 
Figure 2 shows RG2(t) of the g = 8 dendrimer, with t ,:= 
0 corresponding to the initial configuration. R G ~  in- 
creases from the value of 4250~ at  t = 0 to about 5500~ 

8 10731 as .  12000 548.0 
8 10731 4.0 2400 360.0 
8 10731 3.0 4200 260.0 
8 10731 2.0 4000 160.0 
7 5355 as .  12000 375.5 
7 5355 4.0 .~. 3000 241.7 
7 5355 3.0 3500 173.2 
7 5355 2.0 4000 101.2 
6 2667 a.s. 24000 249.5 
6 2667 4.0 6000 154.8 
6 2667 3.0 7000 113.8 
6 2667 2.0 7000 66.6 
5 1323 a s .  3500 156.2 
5 1323 4.0 3500 104.1 
5 1323 3.0 4000 75.4 
5 1323 2.0 4000 44.1 
4 651 as .  12000 105.5 
3 315 a.s. 12000 63.5 
2 147 a.s. 12000 36.2 
1 63 as .  12000 18.3 

ag and N are respectively the generation number of the 
dendrimers and the number of monomers they contain. The 
solvent quality is indicated by the value of the temperature. "as." 
denotes athermal solvent. The total length of the run after 
equilibration is reached is denoted by in units of t. ( R G ~ )  is 
the mean squared radius of gyration of the equilibrated dendrimer, 
averaged over the whole sampling run. 

a t  equilibrium. The increase from the initial value is 
rather fast on the time scale shown in the figure; a t  
about t = 3000t, the equilibrium value is already 
reached. After that time, R G ~  fluctuates around the 
average value, with fluctuations of order ARc2 25u2. 
The initial stages of the simulation are excluded from 
the calculation of the average properties of the den- 
drimer, such as the radial monomer density distribu- 
tion. For the g = 8 dendrimer, we excluded the first 
4800t from the averages. 

The initial configuration of the dendrimers a t  tem- 
perature T = 4.0 is taken to be one of the equilibrium 
configurations of the corresponding dendrimer under 
athermal solvent conditions (with the repulsive short- 
range potential). The temperature is changed to T = 
4.0 and the cutoff of the Lennard-Jones potential is 
increased to r, = 2.50, introducing an attractive tail to 
the potential. The internal structure of the dendrimer 
responds immediately to these changes, and R G ~  de- 
creases rapidly. The inset in Figure 2 shows the 
variation of the RG' with time of the g = 8 dendrimer, 
with the change described above induced at t = 0. The 

Figure 3. Projections on the z = 0 plane of the typical coni'igurations o f g  = 6 dendrimers under various solvent conditions: (a) 
athermal; (b) T = 4.0; (c) T = 3.0; (d) T = 2.0. 
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Figure 5. Radial monomer densities of dendrimers in an 
athermal solvent. The curves for g = 6, 7, and 8 are shifted 
up by 0.1, 0.2, and 0.3, respectively, in the vertical axis for 
the sake of clarity. 

of radius r and thickness Ar.  This number, averaged 
over all the configurations, was divided by the volume 
of the shell to produce p(r ) .  Typically, we used Ar = 
0.50. Smaller values of Ar give lessentially identical, 
albeit noisier results. Other quantities calculated from 
the saved configurations will be defined in the next 
section. 

111. Results 
The simulations were carried out for dendrimers with 

1 I g I 8 under athermal solvent conditions. For the 
cases where the potential has an attractive tail, simula- 
tions were performed for 5 I g I 8. In Table 1 we 
present our results for the total lmgth of the run after 
equilibration and the average mean squared radius of 
gyration of the equilibrated dendrimer for each system 
studied. 

Figure 3 shows planar projections ofg = 6 dendrimers 
for each solvent condition studied. One can see that as 
the solvent quality decreases from the athermal case, 
via the 0 solvent (T = 3.0) to  the poor (T = 2.0) solvent, 
the dimensions of the dendrimer shrink, and the density 
increases. In the rest of this section, we present various 
quantitative analyses of the equilibrium structure of the 
dendrimers, based on such equilibrium configurations. 

A. Dendrimer Size. The variation of ( R G ~ )  as a 
function of the generation number is shown in Figure 
4a for all the solvent conditions. Figure 4b shows the 
same quantity as a function of the number of monomers, 
N ,  on a log-log scale. The solid lines are best fits of 
the form ( R G ~ )  = ANx, calculated using the points 
corresponding to 5 I g I 8. The value of x is 0.60 for 
the athermal case and for T = 4.0,0.59 for T = 3.0, and 
0.61 for T = 2.0. Inverting the relation, we find that 
for all the cases, N Rcdf, with the fractal dimension 
df = 3.3. As the fractal dimension of an object in 
Euclidian space is limited by the dimensionality of the 
space, we consider df to  be 3. Such behavior indicates 
a compact (i.e., space filling) structure for the dendrim- 
ers. This result is consistent with another measure of 
the "fractal dimension" of dend~imers, based on their 
density profile, as will be shown below. 

B. Radial Density Profile. The monomer number 
density as a function of the discance from the center, 
p(r), is shown in Figure 5 for dendrimers for the 
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Figure 6. Radial monomer densities of dendrimers in a 0 
solvent (T = 3). The curves for g = 6, 7, and 8 are shifted i p  
by 0.1, 0.2, and 0.3, respectively, in the vertical axis for the 
sake of clarity. 
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Figure 7. Radial monomer densities ofg = 8 dendrimers in 
solvents of varying quality. 

athermal case. Curves corresponding to  four values of 
g are depicted. Each curve is shifted from the previous 
one by 0.1 in the vertical axis, for the sake of clarity. 111 
all the dendrimers, a core region of very high density [s 
apparent near the center. The density rapidly decreases 
to a local minimum at about r = 40, before increasing 
to form a region of almost constant density. The 
constant density zone is most apparent in the g = 13 
dendrimer where it stretches out to about r = 25a. T h  13 
zone barely exists for theg = 5 dendrimer. The constant 
density region is followed by a tail zone in which tho 
density decreases gradually. The value of the density 
in this constant density zone is virtually identical fcr 
all the dendrimers (pa2 = 0.1). The width of the tail 
zone is also very similar for all the systems. 

Similar density profiles are obtained for the finite 
temperature systems as well. The density profileii 
shown in Figure 6 for T = 3.0 are qualitatively similai. 
to those for the athermal case. The density level at the 
constant density region is higher ( p d  = 0.35) than foib 
the good solvent case, while its width is smaller. Thii; 
behavior is also observed in Figure 7, in which the 
density profiles for g = 8 dendrimers for the four caseti 
studied are shown. All the curves have similar struc- 
ture, with the density plateau p d  = 0.1, 0.2, 0.35, and 
0.67, respectively. 

C .  Fractal Structure of the Dendrimers. In ia .  

recent paper,8 Mansfield measured the fractal dimen-. 
sion of the dendrimers using the box method. In this 
method, one evaluates M(r),  which is the number ol‘ 

e 

9102 i 
10 100 
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Figure 8. Number of monomers within a sphere of radius r 
from the center of the dendrimer. The full curves show the 
average over all the configurations sampled for the g = 8 
dendrimer for the athermal and poor solvent (T = 2.0) cases. 
The dotted lines are the best power law fits. The slopes of 
the fits for the athermal and the T = 2.0 cases are 3.1 and 
3.0, respectively. 

monomer segments that reside within a sphere of radius 
r centered on the center of the dendrimer. He found 
that the dendrimers at generation numbers 6 I g 5 9 
have a self-similar structure, although the self-similar- 
ity extends over a narrow length scale. The fractal 
dimensions he measured varied between 2.45 and 2.76. 
This is not consistent with the N = R G ~  behavior that 
is found in the present study. To address this point 
further, we estimated the “fractal dimension” of the 
dendrimers in a manner similar to the box method. To 
that end, we calculated M(r)  from the average density 
profile, 

I// , , , , , , , , 
1 

1 oo 

M ( r )  = 4nJr‘ 2p(r’)  dr’ (5) 

Figure 8 shows M(r)  for g = 8 under both athermal and 
poor solvent (T = 2.0) conditions on a double-logarithmic 
plot. Also shown are fits of the form M(r)  = A#f over 
the range 5 5 rlo 5 25 for the athermal case and 2 5 
rla I 13 for the T = 2.0 case. The fits, which are very 
good in this narrow range, give df = 3.1 and df = 3.0, 
respectively, for the two cases. We consider both to be 
3 within the accuracy of our simulations. At the tail of 
the density profile, the integral saturates due to the 
finite size of the dendrimer. Thus it appears that the 
dendrimers are compact structures, with a uniform, 
scale-independent density. The differences in the ob- 
served value of the fractal dimension between the 
present work and that found by Mansfields is probably 
related to the difficulty in obtaining accurate measures 
of the fractal dimension when the self-similarity region 
is narrow. It may also be due to the fact that it is more 
difficult to relax sufficiently the dense, interior regions 
of the dendrite in a lattice simulation compared to the 
present off-lattice simulations. 

D. Density Profile of the Generations. How the 
monomer segments belonging to various generations are 
distributed within the dendrimer can also be determined 
in a simulation. We define pg(r) as the monomer density 
profile due to the segments of generation g.  Obviously, 
the sum over all the pg(r)’s at a given point gives the 
overall density at that point. Parts a and b of Figure 9 
show the various contributions for g,, = 8 and gmax = 
6 dendrimers, respectively, under athermal conditions. 
The various contributions for a g,, = 8 dendrimer in a 
poor (T = 2.0) solvent are shown in Figure 9c. (In this 
subsection, we useg,,,, to denote the generation number 
of the dendrimer, while g indicates the individual 
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multiplying the density by 4zr2.) In particular, the 
density due to the terminal generation is completely 
mobile, with an approximately uniform density every- 
where in the dendrimer, down to the core regions, where 
even monomers of the inner generations are excluded. 

Comparing Figure 9a with Figure 9b, we see that for 
the g,,, = 6 dendrimer, the peaks of the density profile 
of the lower generations occur a t  E .  lower distance from 
the center than for the pg of the ccaresponding genera- 
tion of the g,, = 8 dendrimer. This is probably due to 
the fact that in a gmax = 8 dendrjmer, there are more 
monomer segments of the higher generations penetrat- 
ing into the interior of the dertdrimer, forcing the 
monomers of the earlier generations to extend further. 
From Figure 9c, which corresponds to a gma, = 8 
dendrimer under poor solvent conditions, one sees a 
picture qualitatively similar to the one seen for the same 
dendrimer under athermal conditions, except that the 
density profiles extend to smaller, distances, resulting 
from the poor affinity of the monomer to the solvent. 

E. Segregation of the Dendrons. Mansfields first 
noted that the segments belongirg to  the three major 
dendrons (the three branches formed at the initial 
branching) tend to  segregate. The segregation is evi- 
dent both in a single configuration and in the time- 
averaged projection of the dendrim er. He gave evidence 
of segregation at secondary levels of branching as well. 

Segregation of the dendrons is observed in our simu- 
lations as well. From three-dimensional snapshots of 
the dendrites, the spatial segregsition of the dendrons 
is apparent as found by Mansfield.g In order to quantify 
the amount of segregation and to study its dependence 
on various parameters, we divided the space around the 
center of the dendrimer into cubic: cells of length o and 
defined qb( i j , k )  t o  be the average number of monomers 
that belong to  branch b,  which are inside the cell 
identified by the indices i, j ,  and k .  The average is over 
all the different configurations of the dendrimer, taken 
during the sampling run. From this we define the total 
overlap Ot as 

a 

athermal 

r/5 

0.04 1 1 , 
b 

I 

0.4 I 

0.3 

2 -- 0.2 
a. 

0.1 

0.0 
0 5 10 15 20 25 

r h  

Figure 9. Contributions to the overall monomer density 
profile, due to monomers of the generation g, for a dendrimer 
of generation number g,,: (a) g,, = 8, athermal solvent; (b) 
gm, = 6, athermal solvent; (c) gm, = 8, T = 2.0. 
generations within the dendrimer.) In all the cases, it 
is seen that the monomers belonging to generations 0 
5 g I 4 are fairly localized, with the peak of their 
density profiles moving farther away from the core with 
increasingg. Mansfield and Klushin7 came to a similar 
conclusion that the segments of the earlier generations 
are extended, by measuring the fraction of bonds with 
trans configuration as a function of the generation 
number. We also see that the overlap between the 
different p i s  is low for the earlier generations and 
becomes appreciable as g increases. At g = 5, an 
additional shoulder is formed at lower values of r,  
indicating that these monomers penetrate into the 
interior of the dendrimer. At higher generations, the 
density a t  the interior increases, until a t  g = g,,, the 
density is almost uniform over the whole r range. (Most 
of the monomers are still a t  the outermost regions, as 
the number of monomers at a distance r is obtained by 

Here the sum is over all the cell; that are part of the 
dendrimer, and ?$b V b ( i j , k ) .  If the branches are 
completely segregated, a cell will be populated by 
monomers belonging to only one branch, so that only 
one of the three qb’s at that cell will be nonzero. This 
will give a vanishing total overlap. If, on the other 
hand, the three branches are tot ally mixed, the three 
q b ) S  at  each cell will have identical values, leading to 

= 1. Figure 10 shows the & values calculated for 
the different dendrimers studied. The amount of over- 
lap increases with decreasing solvent quality. This is 
expected,s as the dendrimer becomes denser with de- 
creasing solvent quality. 

Mansfield has recently conjectured8 that at the ter- 
minal generation number, where it would be impossible 
to  insert any more monomers, the dendrons should 
intermix. The trend seen in Figure 10, that for given 
solvent quality, the amount of overlap decreases with 
increasing generation number, does not support this 
conjecture. Another trend observed in Figure 10 is that 
the differences in the total overlap for solvents of 
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Figure 10. Total overlap between the different dendrons, :.s 
defined in eq 6, for dendrimers with 5 5 g 5 8, under different 
solvent conditions. 

different quality seem to decrease as the generation 
number increases. 

A different, more local measure of segregation is givt!u 
by O(r),  which is the average overlap at  the radid 
distance r from the dendrimer center. We define O(r)  
for discrete values of rlo as 

9 

c (VlVZ + VZV3 + ~ 3 V ) 1 ) 8 r , r , J , k  
{ i j , k )  

O(r) = (‘7) 

That is, the sum is over only those cells that are in tlie 
spherical shell between rlo and rlo + 1. In principle, it 
is possible to define O(r)  for continuous values of I - ;  
however, evaluating the sum over thinner shells leatls 
to  larger fluctuations in O(r). We evaluate O(r) only 
for those values of rlo for which the denominator in q 
7 is not zero; that is, the monomer density is finite. This 
function is shown in Figure l l a  for dendrimers with 
= 4, 6 ,  and 8 under good solvent conditions and 211 
Figure l l b  for dendrimers with g = 6 under differeiit 
solvent conditions. In both plots, the radial distance is 
divided by the corresponding average ( R G ~ ) ~ ~ .  O(r)  is 
of order 1 only at  the core region (rlo < 11, after which 
it drops abruptly. For the good solvent case, the drop 
is to about 0.2. As the solvent quality worsens, the drop 
is less significant. After the drop, O(r) decays gradually 
to  0. In this region of gradual decay, the value of the 
local overlap is higher (for a given rl(RG2)y2) for the 
smaller dendrimer and for the lower solvent condition:;. 
This behavior is consistent with the behavior found fiir 
the total overlap. 

F. Relaxation of the Internal Structure. Up Y O  
now, we have discussed the static properties of the 
dendrimers. The dynamic properties of polymeric syti- 
tems in general and of dendrimers in particular are al!;o 
of interest. In this study, we have mainly been inter- 
ested in the relaxation of the dendrimer from one 
equilibrium configuration into another completely iii- 
dependent one. Our interest in partially motivated liy 
the question whether the simulations are long enough 
and give enough independent configurations for sur- 
ficient averaging of the static properties. A convenieiit 
measure of the relaxation is determined from the decay 
of the autocorrelation function, 

((X(t) - Xav)(X(0) - X,,,) 

<X2)av - xaV2 
Ctt) = (13) 

0.4 - g=4 
.--. g=6 - g=a = 

Ei 
0.2 

0.0 -043 
0.0 0.5 1 .o 1.5 2.0 

r k  ~ , 2  

i 
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b 1.0 I I 

g=6 

- athermal - T=4 - T=3 
T=2 I 0.2 
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r/c ~ , 2  > l o  

Figure 11. Overlap between the different dendrons, at a given 
distance from the center, as defined in eq 7. The radial 
distance is scaled by (RG~)~”  of the dendrimer. (a) O(r)  for 
dendrimers with g = 4, 6, and 8 under athermal solvent 
conditions. (b) O(r)  for dendrimers withg = 6 under different 
solvent conditions. 
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Figure 12. Autocorrelation function of R&t) for g = 7 and 
athermal conditions. 

Here X ( t )  is the instantaneous value of some property 
of the dendrimers. We have calculated C(t)  for X ( t )  = 
R&), to estimate the relaxation time. A typical C(t) 
behavior is shown in Figure 12 for the g = 7 dendrimer 
in an athermal solvent. The relaxation time ZR is 
estimated from this curve either from the long-time 
slope on a semilogarithmic plot or from using C(T.R) = 
lle. Although there are more elaborate methods of 
estimating the relaxation time,17 our investigation of the 
dynamic behavior has not been detailed enough to 
justify such methods. 

The relaxation time obtained from Figure 12 for g = 
7 is about 1302, much smaller than the length of the 
sampling run used for the same dendrimer, about 
120002. For the other cases studied, we verified that 
the sampling runs were indeed much longer than the 
relaxation times. We also tried to make a systematic 
study of the dependence of the relaxation time on the 
generation number and the solvent quality. The relax- 
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due to these generations. The chain segments belonging 
to  these generations are radially aitretchecl. However, 
starting from the fifth generation for the case n = 7 
studied here, significant backfolding occurs. The amount 
of backfolding increases for the later generations to  such 
an extent that the monomers of the last generation 
penetrate all regions of the dendrimer, including the 
core region. This result is consistent with similar 
conclusions reached by previous s t ~ d i e s . ~ ~ ~  

Similar to the observation by Mansfield,8 we have also 
observed segregation of the dendrons. By quantifying 
the amount of dendron overlap uaiing two measures of 
overlap, we have shown that the amount of dendron 
overlap increases with decreasing solvent quality; that 
is, the dendrons segregate less when the solvent is 
poorer. For fixed solvent quality, the amount of dendron 
overlap decreases with increasing; generation number. 

We have also evaluated the re‘laxation times of the 
autocorrelation functions of the temporal fluctuations 
of the squared radius of gyration of the dendrimers. Our 
motivation has been to ensure that adequate sampling 
was performed for the calculation of the equilibrium 
properties. Our estimates of the relaxation times are 
not of high enough quality to obtain the dependence of 
the relaxation times on the generation number and the 
solvent quality. It appears that the fluctuation of the 
internal structure of the dendrimers is a complex 
process that cannot be characterized by a single relax- 
ation time. 

200 , h I 

Y /  ,/ -T=4 1 

I 
5 6 7 8 

9 

Figure 13. Relaxation time derived from the decay of C(t) as 
a function of the generation number for dendrimers under 
various solvent conditions. 

ation times calculated in a manner described above are 
shown in Figure 13. Although one cannot derive from 
the results a quantitative dependence, it seems that the 
relaxation time increases with increasingg and solvent 
quality. It is not clear why the dependence of t~ on g is 
noisy. It may be due to the fact that good estimates of 
the relaxation time requires very long sampling runs. 
Another possible reason is that due to the high densities 
reached near the dendrimer core and the high levels of 
branching, there are entanglements, leading to very 
slow disentanglement processes. 

IV. Conclusion 
We have presented a molecular dynamics study of a 

coarse-grained model of dendrimers under various 
solvent conditions. The molecular dynamics method has 
proven to be quite efficient in simulating the equilibrium 
structure of the dendrimers. 

The density profile of the dendrimers at all solvent 
conditions exhibits a high-density region near the 
central core, a plateau region, and a local minimum 
between them. Beyond the plateau region, the density 
drops slowly. The density at the plateau is independent 
of the generation number and increases with decreasing 
solvent quality. The length of the plateau region, on 
the other hand, increases with increasing generation 
number. 

The size of the dendrimer, as measured by its radius 
of gyration, increases roughly as NU3, with N being the 
number of monomers the dendrimer contains. This 
indicates a compact structure, with a fractal dimen- 
sionality of 3. This result holds for all solvent condi- 
tions. Evaluation of the fractal dimension by the 
method of box counting also gives the same result. Our 
result does not agree with that of Lescanec and Muthu- 
kumar5 (R = iPZ2) nor with the box counting estimate 
of Mansfield8 for the fractal dimension (2.45-2.76 for 
generation numbers of 6-9). 

By evaluating the monomer density for each genera- 
tion, we have shown that the monomers belonging to 
the early generations are localized within a narrow 
radial range, with little overlap of the density profiles 
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