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Conformations of dendrimers in dilute solution

Edward G. Timoshenko®

Theory and Computation Group, Centre for Synthesis and Chemical Biology,

Conway Institute for Biomolecular and Biomedical Research, Department of Chemistry,
University College Dublin, Belfield, Dublin 4, Ireland

Yuri A. Kuznetsov
Centre for High Performance Computing Applications, University College Dublin, Belfield,
Dublin 4, Ireland

Ronan Connolly
Theory and Computation Group, Department of Chemistry, University College Dublin, Belfield,
Dublin 4, Ireland

(Received 31 May 2002; accepted 22 August 2002

Conformations of isolated homo-dendrimers @& 1-7 generations witlb=1-6 spacers have

been studied in the good and poor solvents, as well as across the coil-to-globule transition, by means
of a version of the Gaussian self-consistent method and Monte Carlo simulation in continuous space
based on the same coarse-grained model. The latter includes harmonic springs between connected
monomers and the pair-wise Lennard-Jones potential with a hard core repulsion. The scaling law for
the dendrimer size, the degrees of bond stretching and steric congestion, as well as the radial density,
static structure factor, and asphericity have been analyzed. It is also confirmed that while smaller
dendrimers have a dense core, larger ones develop a hollow domain at some separation from the
center. ©2002 American Institute of PhysicgDOI: 10.1063/1.1514571

I. INTRODUCTION De Gennes and Heréthave performed a seminal cal-
culation using a version of the Edwards’ self-consistent field
Dendrimers represent a class of well defined hypermethod upon an assumption that an onion-like layered dis-
branched macromolecufesihich can be synthesized via a tribution of the dendrimer generations applies. They have
sequence of carefully controlled repetitive reactions producpredicted a density minimum at the core of the dendrimer
ing regular structuredThere are high aspiratioh$of chem-  and the scaling law for the radius of gyratioR,,~N"",
ists and physicists regarding applications of such novel polywhere N is the total number of monomers, both of which
mers as advanced materials for medicinases, superior henceforth have been debated. Later on Boris and
catalysts;” and drug delivery vehiclébto mention just a Rubinsteid* have proposed a more complicated self-
few. Importantly for such applications, dendrimers are quiteconsistent mean-field and related Flory-type theories. They
flexible molecules, which have a well accessible interior parhave found that the density is monotonically decreasing with
as well as a large exterior surface. Furthermore, dendrimerg maximum at the core. However, such a theory does not
can controllably change their size and density distributioncontain spatial correlations and thus may have considerable
under the influence of external conditions. Some of the potimitations in predicting the internal structure of dendrimers.
tential applications of dendrimers moreover require a hollow A version of the Gaussian variational thedrywhich
interior, which could be used for accommodating guestelies on a somewhat problemaficsirial representation of
molecules’ In addition, spacers, charges, and distinct typeshe excluded volume interactiohs® has been used by Ga-
of monomer units should allow one to further fine tune thenazzoliet al. for describing the size, shape and intrinsic vis-
particular behavior of dendrimers. cosity of dendrimers in a good solvefitBased on this ap-
Although the ideal model of dendrimers with the har- proach the dynamic properties such as the relaxation times
monic springs or random walks can be solved analytié&lly, spectrum, dynamic structure factor and the viscoelastic
such results are of a limited value since the excluded volumenoduli?® as well as the inter-chain theta-temperattiteave
interactions are of paramount importance for dendriners. been also investigated. Unfortunately, constraints of the nu-
However, including these in order to describe the range oferical procedure employed limited such studies to dendrim-
the coil-to-globule transition in sufficient detail is a consid- ers withD=1,2 spacers only.
erable challenge even for the homo-dendrimer. This problem A number of simulation studies using either molecular
has attracted a number of researchers yielding a significarfynamics (MD) or Monte Carlo(MC), both on and off-
body of theoretical and computational work in recent yearsiattice, whether atomistically detailed or coarse-grained,
with some experimental resuttsavailable to assist them. have been also performed. Nayketral?? have discussed the
MD simulation of PAMAM [poly(amido-aming] dendrim-
aCorresponding author. Web: http://darkstar.ucd.ie; electronic mail:€'S- This study, albeit generally interesting, could cover a
Edward.Timoshenko@ucd.ie timescale of hundreds of picoseconds only. Later Lescanec
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and Muthukumé?® have proposed a kinetic growth model in Therefore, we believe that it would be important to revisit

a three-dimensiona(3-D) off-lattice MC. They have re- the problem.

ported the highest density at the core and have also found Here we shall try to re-examine the fundamentals of den-
that the terminal monomers can traverse the dendrimer. Theiéirimers in a broader context of their overall conformational

approach, however, was in essence a nonequilibrium one &ehavior as a function of the solvent quality. On the one
sufficient equilibration was not been allowed. This may ex-hand, this may help to resolve some of the remaining con-
plain a rather small reported value of the swelling exponentroversy in the concrete predictions. On the other hand, it
v=0.22 in the proposed scaling laR ;~N" DY2 for the  may shed some new light on the problem thanks to studying
good solvent. Next, Mansfield and K|usﬁ‘imave performed the observables which hitherto have not been investigated
a MC simulation on a diamond lattice with=7 spacers @and to performing a type of analysis which is more novel.

modeled as self-avoiding walks. Their paper has managed @St but not least, one may hope to improve the statistics and
overcome some of the previous limitations and it contained® Study a broadgrgroange of dendrimers by using a well op-
some important insights. Nevertheless, Bhdependence has timized MC codé~**on faster modern computefs.

not been investigated there. Furthermore, a possibility of lat-  ©Our recent progredé on extending the Gaussian self-

tice artefacts for the restricted branch points may raise somgPnsistent(GSG method may offer some advantages and

doubt in the more refined features of their predictions. Chef€Mit comparisons to be made with the simulation data. The
and Cu?® have performed off-lattice MC simulations for a improved technique avoids the use of a virial expansion, but
good solvent in a model with freely rotating bonds. Theymstead operates directly with a given Hamiltonian involving

have also attempted to fit the radius of gyration R any pair-wise bonded and nonbonded interactions, just as in
—D? 2216 G1-7 je in terms of bottD and the num- direct simulations. Reference 32 deals with all the technical

ber of generations. While the value ofy has been related details and it contains a comprehensive comparison with the

to the inverse fractal dimension of the open/ring chain, jus{vl.C datq perform(_ad. _for open, ring and star homopolymers
with variable flexibility in good and poor solvents. The

as in Ref. 2.6 containing the ren_ormallza'uon group CaICUIa'method appears to be relatively accurate for a number of
tion by Biswas and Cherayil, the meaning of the

X . observables and its limitations are well understood. Because
G-dependent part of the scaling law lacked such clarity.

. ) 2L _ the new GSC technique is computationally very fast and
Further MD simulation by Murat and Greshas relied g it directly yields the equilibrium averages for the ob-

on a coarse-grained model with the Lennard-Jones norsenaples of interest, it will allow us to consider a larger

bonded and the FENE bonded interactions employing @ange of system sizes and a broader region of solvent condi-
white noise for the solvent and temperature effects. Thigigns than with the equivalent MC simulation.

simulation involved sufficient equilibration times and has

yielded a number of interesting results. For instance, the den-

drimer size at a fixed number of spac&sn a good solvent Il. MODEL AND NOTATIONS

was found to scale &y~ N" with the value of the exponent The current coarse-grained homo-dendrimer model is

v surprisingly close to 1/3. Interestingly, the indication aboutbased on the following  Hamiltonian (energy

a hollow domain inside the dendrimer, which has been firsfunctiona)?®*°in terms of the monomer coordinate,:

noted in Ref. 24, has been reiterated and further elaborated 1 1

by performing the partial densities analysis over generations. —— = —22 i (X —xj)2+ — E U('J')(|xi —xj|)_

These authors have also looked at the dendrimer contraction K8T 267 21 7%

on changing the solvent quality from good to poor. They @

have concluded that the Ian~N1’3 (at fixed D) applies Here the first term represents the connectivity of the den-

for the more compact globular dendrimer, which seemed readrimer with harmonic springs of strength; introduced be-

sonable from the point of view of the space filling argument.tween any pair of connected monomeémich is denoted by
Despite this considerable progress, understanding of thie~j). The second term represents pair-wise nonbonded, spe-

homo-dendrimers is not as yet fully satisfactory. First, a reacifically van der Waals interactions between monomers. We

sonably large span of spacer and generation numbers undgghall adopt the Lennard-Jones form of the potential,

variable solvent conditions has until now been hard to study. too, r<d©,

S_econd, it was d|ff|cult_to ach|_ev_e both a reliable equilibra- U0 (r) = 4O\ 12 (g6 @

tion and a good averaging statistics afterwards at the level of U(O)( (_) _( ) ) r>d©

affordable computational times. Clearly though, these re- r r

quirements must be met at the same time in order to be abwnh a hard core part and the monomer d|amd{8}, where
to extract reliable scaling predictions and to make firm con(® is the dimensionless strength of the interaction.

clusions on the intricacies of the internal structure of den- |t is important to introduce convenient notations. Let us
drimers. Moreover, not only the good, but the theta- and pootonsider a dendrimer d& generations, each of which con-
solvents, as well as the thermodynamics of the coil-tosists ofD spacers, with af, functional core(corresponding
globule, are of interest. Perhaps, particular deficiencies of thg the generatiolg= —1) and theF functional other branch
techniques employed, an insufficient accuracy, and a limiteghoints(see Fig. 1 Thus, ifD=a andG=b we shall briefly
range of systems may explain some of the discrepanciesenote such a dendrimer as DaGb as in Refs. 19, 20. Then
which remained between the results of different approacheshe total number of monomers will be
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¥ distribution with an increasing number of sweeps. Initial
R 67 conformations of dendrimers were taken as planar and rather
"1+ - overstretched onegkin to the schematic representation in
66 &3 Fig. 1), but then they were subjected to extensive equilibra-
p ’ Tl o tion for a required time before any simulation was com-
P menced.
30 __________ 1 9 To ensure good equilibration, the behavior of global ob-
> s dI \1“;; . servables such as the energy and radius of gyration was
; FARNT v/ N \ monitored. Upon reaching equilibrium these cease to have a
/ /—-'g"; ~~~~ - ‘-“ global drift and start exhibiting characteristic fluctuating be-
‘,' ' 17 11 301 Q) 144 '. ‘I havior arqund w_eII defined mean values. Thgn, depending on
; ;6 43 } i the dendrimer size, abo@=2x 10" of statistical measure-
1 i i ments have been performed, typically separated by about
! j \ L / 40N? of attempted Monte Carlo steps to ensure statistical
1 R ) independence of sampling. The mean value and error of sam-
N, 10 9 7 / pling of an observabl@ are then given by the mea)
\ 16 -1 W ) - Q + 2 i
9= (1Q)Z5A, and by = \(AA)/Q, respectively.
N \\\ g= 2 /“// //,
""""""""" B. The Gaussian self-consistent method
e g=3 1 - The main objects in the GSC method are the mean-

squared distances between monomers,

FIG. 1. Schematic connectivity diagram of the dendrimer D2G3. Here 1

dashed circles denote different generations, big filled circles correspond to ) /(Y)Y 2

the branch points and the triangle is the core monomer. Notations for the D'J(t)_ 3<(X'(t) Xl(t)) > 4

indicesd, p, ¢ and for some selected monomers, which are numbered in the ) ) )

clock-wise and outwards manner, are also introduced. The GSC method is based on replacing the stochastic en-
semble forX; with the exact Hamiltonian in the Langevin

equation of motion onto the trial ensemtﬁéo)(t) with a

Ne14F.D (F-1)°¢*1-1 3 trial HamiltonianH(®)(t), which is a generic quadratic form
0 F-2 with matrix coefficients called the time-dependent effective
Note that below we shall consider results for a particularpOtem'als’

example of tri-functional branching=Fy=3. It is conve- ) 1

nient to represent monomer indices via tridds(g,d, @), HYLX(D)]= 5% Vi (DX (OX;(1). ®)
where g=0,1,..,G is the generation indexd=0,1,..,D

—1 is the spacer index ang,=0,1,..,Fo(F—1)9—1 is the Then one requires that the inter-monomer correlations satisfy
angular in-generation index. It is also useful to define thethe condition

shell radial index vip=Dg+d+1, an_d hencg instead of-the (Xi(t)Xj(t)>0=<Xi(°)(t)XJ(°)(t)>o, 6)
triad, one can use the “polar coordinates” index notation _ _ _

= (p,¢g). Both of these will be used interchangeably henceWhich means that the trial ensemble well approximates the

forth. exact one. This yields the self-consistent equat?@mzhich
in the absence of the hydrodynamic interactions are
IIl. TECHNIQUES £ d

2
A. Monte Carlo technique 2 aD”—(t)= N §2k (D)~ Dy(1))
We use the Monte CarlgMC) technique with the stan- JA[D(D)]  AA[DM)]
dard Metropolis algorithiif and local monomer moves, D) DD |
based upon the implementation described by us in Refs. 28 ik ik
and 30. The position of a randomly picked monomer in theHere ¢, is the friction coefficient of a monomer and the

)

spherical coordinates is displaced Ay =6r,, Ad=m0,, instantaneous free energy has the same functional expression
A¢p=2m¢, where (1,6,,¢,) is a triple of independent via the instantaneou®;;(t) as it has at equilibrium.
standard uniform deviates adds an additional parameter of The expression for the free energg=£(°V—TS has

the MC scheme characterizing the timescale involved in thdeen given in Ref. 32. We would not like to reproduce that
Monte Carlo sweep(MCS), the latter being defined expression here as it is somewhat cumbersome. However, it
as N attempted MC steps. The Metropolis check, should be mentioned that the total mean energy includes the
AE=<-—kgTInry, wherer, is yet another standard uniform energy of the bonded and nonbonded interacti&rs well
deviate, is then used as a criterion for accepting trial nevas the hard-core contribution as follow§ =g+ A4 (s,
conformations. As a result, the ensemble of independent inithe second term is given by the generalized Carnahan-
tial conformations would converge to the Gibbs equilibrium Starling term>-3
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where; is known as the packing coefficient of the monomer
i, which would have an important role below.

The stationary limit of the GSC, Eq¢7), produces the
equations for the minimum of the free energy, which are the 10 k
same as those derived from the Gibbs-Bogoliubov varia-
tional principle. Although here we shall only be concerned
with the equilibrium, the numerical solution of E(), ap- G —

plied until the stationary limit is reached, presents one of th%IG. 2. Plots of the mean-squared radius of gyratidmg.’ws the number of

most efficient techniques for ﬁnding the global fre? €nergygenerationss for the dendrimers in the good solver ©)=0) from the
minimum. This, based on the fifth order adaptive stepGScC theory(filled circles and thin lingsand from the MC simulation

Runge-Kutta integratdﬁ is used for obtaining the results (empty circles and thick lingsThe curveqfrom bottom to top correspond
from the GSC technique to the following valuesD =1 (GSQ, 2 (MC), 2 (GSO, 4 (MC), 4 (GSO,

. ) . . 6 (GSO. The largest relative statistical err@iRs= ARS/R3-100%, in this
Itis also important to map out all equivalent pairs of the pjo¢ occurs for the D2G7 dendrimer and equals 0.1%.

matrix D;; , which is discussed in Appendix A based on the
concept of the topological tree, so that of®\?)=(G+1)
X (D/2)(D(G?/3+(13/6)G+2)+ 2+ G/2) independent ele- In our figures below we shall present data from MC
ments out of totalCi,=N(N—1)/2 remain in it due to the simulation via thick lines and empty circles, whereas data
kinematic symmetries of the dendrimer. It is interesting tofrom GSC theory via thin lines and small filled circles. In
remark, more generally, that exactly the same symmetriethis work we have analyzed the following dendrimer sizes:
will exist for a hetero-dendrimer as long as the monomers aG=1-7 forD=1-3 andG=1-6 forD=4—86.
each shell indey are identical to each other.

The kinematic symmetries for the matrx; also yield

A. Good solvent

analogous symmetries for the mathé; . Thus, the compu- We shall start by examining the dendrimer overall size
tational expenses per step in our calculations are of ordeand structure in the good athermal solvent®)=0.
t.~NC{2), whereC{2~D?G?6 is the total number of in- The mean-squared radii of gyratioﬂ?% of dendrimers

dependent elements in t1g; matrix [see Eq.(A1)]. These with a varying number of space® versus the number of
symmetries significantly reduce the computational timegyenerationss are depicted in Fig. 2. Clearly,73§ increases
compared to the equivalent system in the MC method, wherwith bothD andG, but in a rather different manner, which
such symmetries only appear in the observables after avewill be discussed in full detail below in Sec. IV C. Corre-
aging over the statistical ensemble. For comparison, theponding MC and GSC curves follow each other quite
computational expenses per step in MC are of ortjer closely, but the GSC theory increasingly overestimates the
~N AtS, whereAt~N? is the number of MC steps needed dendrimer size with increasirg andG, in a manner similar
to ensure good statistical independence between measure-our discussion in Ref. 32.
ments, ands is the number of measurements needed for the As G increases, dendrimers become more spherical,
sampling of observables. Typical values ®fshould be of  which is illustrated via the average normalized “axes of in-
order of 1¢—10° for good accuracy’® For example, for ertia” \(® defined by Eqs(9), (10) in Ref. 30. These con-
D3G5 dendrimer(consisting ofN=568 unit3 in the good  verge towards a perfect sphere limif? =1/3, asG grows
solvent,U(®=1, the GSC method takes about 22 mintttes in Fig. 3. Interestingly, these quantities seem to be practically
to reach equilibrium and produce its data, whereas the M@ndependent of the number of spacBrswhich is illustrated
manages to make only 100 measurements of observables g®r using circles D=4) and lines D=2) in the figure.
hour after required equilibration. Thus, the GSC is abodt 10  Typical snapshots of dendrimers D3G3 and D3G7 in
times faster than the MC for producing the same results herd=igs. 4 from MC simulation do confirm the observation that
dendrimers become more spherical @sincreases. Gener-
ally, a fairly large dendrimer tends to fill in the available
IV. RESULTS space quite effectively and relatively uniformly, although
some local dilutions and accumulations remain. The size of
We shall restrict ourselves to springs of equal strengththe dendrimer is well defined with very few branches out-
kjj=1, and choose the hard sphere diameter equal to th&retching beyond it.
statistical lengthd©=¢, in Eq.(1) as in Ref. 30. Moreover, The shape of the static structure fact@SPH in the
henceforth we shall use the mean enef@xpressed in units  Kratky representation in Fig. 5 for smdl is reminiscent of
of kgT and the mean-squared distancBg§ and mean- that of a ring, or a star with few arnisee Figs. 9, 10 in Ref.
squared radius of gyration;/82, expressed in units af?. 30), but tends more to that of a globule with an increasing
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FIG. 3. Plots of the mean ratios of the eigenvalues of the shape teffdor
versus the number of generatioBsfor the dendrimers in the good solvent
(U©®=0) from MC simulation. Solid curves correspondde-2 and empty
circles to D=4. The largest relative statistical error8)(®=AN®/\(@
-100%, in this plot occur for the D2G7 dendrimer and are equabxd®
=0.15%, S\ P=0.2% ands\®=0.3%.

number of generations. Even though the tail of the plot still
increases withp, it develops a characteristic oscillating be-
havior. This is consistent with the trendsX¥) above, par-
ticularly so since th@®-dependence is almost unnoticeable in
S as well.

The total and partial densities,

g(g”mEiEg (8(Fi=Tem—T)),

. (10)
477[0 r2drg{P(r)=Ng=FoD(F—1)¢,

of the dendrimers in Fig. 6 allow one to understand the
monomer distributions in more detail. In a relatively snall-
dendrimer[Fig. 6(@)] the total density monotonically de-
creases with the separation from the center-of-mgssThe
highest density at the origin also occurs for the partial den-
sity of inner generations, and it follows a similar pattern.
Remarkably, the terminal generation density is rather deloE!G: 4. Typical snapshots of conformations of the dendrimers D@5and
calized Spreading evenly from the outer boundary towardE3G7(b) in the good solvent from a MC S|mula_1t|on. The_ core mpnomer is
. . . Fepresented as a sphere of the monomer real diam@ter| in both figures.

the very center of the dendrimer. This can only be rational-
ized by allowing a possibility of the ends re-entering the
dendrimer and reaching far inside, although the density ofmost hollow domain is not located where the core monomer
the terminal generation exceeds that of the others somewh&t and its separation from the core steadily increases @ith
near the very edge of the dendrimer. Clearly, from Fig. 6b) one can see that the increase of the

These features are further complicated for dendrimers ofotal density at the origin comes entirely from the density of
a greater number of generations, typically (dr-5, at least the innermost generations. However, the core domain is at its
in the considered cases bf=2,4. While the behavior of the most dense in a smaB dendrimer and it becomes less
terminal generation density remains very similar in Fign)6 ~ dense for larger dendrime(s terms of bothG andD actu-
the density of nonterminal generations, and hence the totallly) as can be seen by comparing the valueg®ir=0) in
density, develop a well noticeable dip at a certain separatiorfigs. §a) and b). This “entropic pull” effect is due to an
This indicates that large® dendrimers have the lowest den- increased entropy thanks to extra branches attached to a
sity domain fairly close to the center, but not at the centetarger dendrimer, leading to a higher stretching of the springs
itself, which always has the highest density of all. We maynear the core with large®.
note here also that while the core monomer coordinate does Indeed, in Figs. 7, 8, 9, we depict the mean-squared
differ from that of the center-of-mass somewhat, they aralistances between nearest neighbors along a branch versus
quite close to each other in a lar@edendrimer. Thus, this the shell index. This is perhaps the best way to characterize
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FIG. 5. Kratky plots of the rescaled static structure fact8r 0.12 U(o)' -0 K ' ' 1
=p%3R SS(p)/N vs the rescaled wave numbgrp+/3R gz for dendrimers D2G6. MC 08
in the good solvent Y(?=0) from MC simulation. Here the solid line 01 L ’ J
corresponds to D1GS5, the long-dashed curve—to D1G6 and the short (1)(r) i 0.6
dashed curve—to D2G5 dendrimer. The largest relative statistical errors in” 0.08 4 0.4
this plot occur for the D2G5 dendrimer and are equalbbfo=0.1% and ’ i ]
55<0.3%. L] 02
0.06 [\} 0 .
2
. . . . . q‘uo’”“%%
such stretching. While the main bodies of Figs. 7, 8 present 004 I Sy T
the data from MC simulation, the insets exhibit the same R S aatte -
results obtained from the GSC theory. Clearly, the concrete %02 #* 9‘&0-.‘ ]
numbers forD(, 1 0)(,,0) ar€ Somewhat overestimated by the 203
GSC theory compared to the MC dafeespecially for small % 5 10 15 20 25
p in relatively large6 dendrimers. Nevertheless, the particu-  (b) r—
lar patterns and overall shapes of the MC and GSC plots are
rather similar FIG. 6. Plots of the monomer densitig§” vs the separation from the

. . center-of-mass.,, for the dendrimers D2G4a) and D2G6(b) in the good
As can be seen from Fig. 7, for small dendrimersgg en, U©@=0) from MC simulation. Insets of figures show the monomer

D2G1-3, the spring from the core to the first monomer isdensities of the same dendrimers in the poor solvéHP)e6). Curves
stretched most, from the first to the second one is less, and $om top to bottom as on the left-hand side correspond to the following
on. with the functionD( 1,0)(0.0) decreasing monotonically. densities. In the main bodies of figures: the total denS'gggl) (solid line),

! p—1,0)(p, .

i / i . . . (1) . B

However, for dendrimers wits >3 the function develops a density of nonterminal generatioi, -, © (dashed ling density of the
h teristic descending step-like behavior: the s rinmnermost generatlon;;;(,lJrg0 (thin solid line with quadranglesdensity

Characteris g p ' PriNgs the terminal generatiog(el) (dotted ling and density of the penultimate

stretching within the same generation is about the same, bigknerationg® , (thin line with triangles; in insets of figures: the total

it has a dramatic drop when passing the branch point to theensity =,g{" (solid line), density of nonterminal generatior®,- g

next generation_ In all cases though, the bonds Coming frorffashed ling d_er!sity of the terminal generatigg) (c_iotted 'Iine). Error bars

the core are stretched most, with this feature becoming strofEPresent statistical errors of the data from MC simulation.

ger for largerG, whereas the terminal bonds are the least

stretched of all, with their length being nearly

G-independent. The step-like behavior can be easily interending up at &-independent stretching value. Similar plots

preted by remarking that the number of springs doubles afbor dendrimers withD=6 spacers in Fig. 9 obtained from

any branch point. Hence the total unfavorable energy changtae GSC theory show the U-pattern becomes more pro-

due to a given magnitude of bonds stretching would be mor@ounced a® increases.

significant near the edges than closer to the core. Note also Finally, to address the issue of steric congestion we shall

that the step-like dependence vanishes for the terminal gemnalyze the behavior of the monomer packing coefficignt

eration. defined by Eqs(8), (9). This quantity shows the volume
Plots in Fig. 8 forD =4 spacers show that the stretching fraction occupied by all other monomers around a given

near the core increases significantly w@hhere as well. One monomer number, with the limit ,— 1 corresponding to

can also see that the intra-generational steps develop a natte fully packed situation according to E®).

monotonic behavior. Bonds within a nonterminal generation In Figs. 10, 11 the packing coefficients versus the shell

first become shorter with increasing indéxintil aboutD/2, index p along a branch are shown for different dendrimers

then grow longer again when approaching the next branclith G=6 andD = 3, respectively. For the former case it is

point. This U-pattern occurs because there is more steric cortonvenient to normalize the horizontal axis @® so that

gestion near the branch points than in the middle of generadranch points occur at integer values. QG with G+1 cor-

tions. The terminal generation is the least stretched here assponding to the terminus. In Fig. 10 different curves cor-

for D=2 and it has a similar monotonically diving behavior respond to different numbers of spac&s The curve for
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FIG. 7. Plots of the mean-squared distan@gg_, o), 0 between radial  FIG. 9. Plots of the mean-squared distanbdes ; g, ) VS the shell index
nearest neighbors vs the shell indefrom MC simulation(the main body  from the GSC theory for dendrimers with=6 spacers in the good solvent
of the figure and from the GSC theorginset of the figurgfor dendrimers  (U®=0). The curves correspond ®&=1,2,3,4,5,6(from bottom to top.
with D=2 spacers in the good solvert )=0). The curves correspond to
G=1,2,3,4,5,6,7from bottom to top. Error bars represent statistical errors
of the data from MC simulation.
lates around a constant, dropping down dramatically on the

terminal generation. However, in larger dendrimegsz5,
D=1 gives a general outline of, behavior. The packing the functions, starts from much lower values for smal
coefficient, and hence congestion, first increases, reachesaad then increases overall up to penultimate generations,
maximum and then rapidly decreases towards the termingropping down for the terminaj. Such behavior is consis-
which are less crowded than the core domain. A larger numtent with a lower density domain near the core seen via the
ber of spacer® leads to an U-pattern behavior fg<G spatial density distribution in Fig.(6). For the D3G7 den-
and a rapid dive for the terminal generation, similar to ourdrimer, the lowest packing coefficient value occurs at around
discussion of Fig. 9. Again, the middle of generations, wheréhe middle of theg=0 generationfmonomers 1, 2, 3 in
7, has smooth minima, has a lower steric congestion sincdiagram Fig. 1, which are buried deep inside the dendrimer
the monomers have only two nearest neighbors along thas in Fig. 4b)]. Note also that here we havg, g+ 1)> 70,
chain there compared to three for branch points, whgye indicating the onset of overcrowding in the terminal genera-
has sharp maxima. As for the terminus, it has a single nearefion, which would become very severe for larger Overall,
chain neighbor only, resulting in a pronounced minimumthe packing coefficient typically changes nearly twice in its

of n,. value for relatively larged and G=6, whereas the range of
In Fig. 11 we likewise present the packing coefficientschange inz, increases further with increasirg,.
for dendrimers with an increasing number of generatiGns Limited simulations with a smaller monomer diameter
and the fixed number of spacdds=3. The general behavior d(®=0.3¢ have been also performed and similar results
of n, is similar here. For smalb<5 the functiony, oscil-  have been obtained. Dendrimers with such reduced repul-
1.7 T T 21 & T T 0.14
1.65 2 - 013
(p=10) 1.9 : 1
Do) 16 1.8 8
1.7 np 012 .
1.6 ]
15 i 0.11 -
1.4
1.3 . 0.1 T
12

4 0.09
. 0.08
0.07 &

0.06

20 25 0.05
p—

p/D —
FIG. 8. Plots of the mean-squared distandgs ; )(,,0) Vs the shell index
from MC simulation(the main body of the figujeand from the GSC theory  FIG. 10. Plots of the packing coefficien, defined by Eqs(8), (9) vs the
(inset of the figurgfor dendrimers withD =4 spacers in the good solvent rescaled shell indep/D for dendrimers consisting d6=6 generations in
(U®=0). The curves correspond ®=1,2,3,4,5,6(from bottom to top. the good solventy(®=0) from the GSC theory. The curves correspond to
Error bars represent statistical errors of the data from MC simulation. the following values oD =1,2,3,4,6(from top to bottony.
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FIG. 11. Plots of the packing coefficient, vs the shell index for den-
drimers withD=3 spacers in the good solverit)(’=0) from the GSC
theory. The curves correspond to the following valueGofG=1 (dotted de
line), G=3 (short-dashed line G=5 (long-dashed ling andG=7 (solid NdU©
line). )

sions are more compact and, clearly, &{® is decreased
further they change in a cross-over manner towards the be
havior of the ideal dendrimers.

B. Coil-to-globule transition and poor solvent B 2 s 4 5 & 7 s

(b) Uy .

Now we shall bring our attention to the coil-to-globule
transition. Upon increasing Lennard-Jones attradtiéfi the  FIG. 12. Plots of the mean-squared radius of gyratiod ;3(a) and the
dendrimer contracts and the mean-squared radius of gyraticinecific energy slopdl~*de/dU® (b) vs the degree of Lennard-Jones at-
decreases as shown in Fig.(a2 The magnitude of this traction U® across the coil-to-globule transition from the GSC theory for
h . it iqnifi ¢ b . 20 ti f D6G5dendrimers withG=5 generations anB =1,2,3,4,6(from bottom to top as
change is quite significant, being over imes for on the left-hand side
dendrimer. As our plot is drawn in a single logarithmic scale
one can see that the region of maximal relative change in the
value of 3R 2 occurs at around)(?=2.5, with the change . . _ .
9 9€  shall useU (59) as a convenient numerical definition of a point

being more pronounced in larger dendrimers. Clearly, from . -
this glot and F;rom Fig. 10) whi%h depicts the derivati\ile of which becomes close to the exact theta-point for sufficiently

the specific mean energy, one can conclude that the transitiol‘r”%rg(Ia N_'I_ ble | h | &© for dendri
is continuougsecond-order-like _In Table | we report the values dj,” for dendrimers
with variedD andG. Clearly, either an increased number of

The quantity d(&/N)/dU® changes from one _ ;
asymptotic behavior at smal)® to another at large argu- generations or spacers, and hence incresedould lead to

ments, reaching eventually a constant value corresponding flower value o (Ia[)ger temperatur&,) of the transi-
the maximal packing. The maximal change in this quantitytion. Indeed, the poiny ) corresponds to the compensation
occurs atu{9~=2.5, which may be viewed as a reasonableof the positive conformational entrog®* with the nega-
practical definition of the transition poidt.As the transition tive two-body &1 energy growing a®? and much faster

is continuous it has a finite width and hence any such defithanS(©@in N, so that smallets? would suffice for the
nition is somewhat arbitrary. However, &b increases the compensation. More nontrivially though, if we compare, for
transition narrows and becomes sharper. It would be easy ©xample, D3G6 and D6G5 dendrimers, both having about
consider the point of vanishing of the nonbonded part of théhe sameN, the largerD system would have a Iow&rj(g(,’)
second virial coefficientbinary integral, u{3=(1/2)fdr(1  (larger temperatur@).

—exp(—UM(|r]))), which occurs at about)(9=1.386. For linear or ring polymers one can alternatively define
Unfortunately, such a definition of the theta-point is unac-the theta-point of the current model by finding a value of
ceptable as it produces a result which does not depend on th&® at which the radius of gyration of the system matches
polymer connectivity or size. Instead, one has to consider ththat of the corresponding ideal systedf¥=0). In Table |
total u® with the full account of the bonded and nonbondedsuch valuesugg) are presented in parentheses. Clearly
interactions. This, however, is technically quite complicatedthough, this definition is inappropriate for dendrimersuég?

as the Mayer-Ursell expansion is not easy to apply to denshifts deep into the globular area for dendrimers with suffi-
drimers with both types of interactions involved. Thus, weciently largeG.
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TABLE I. Values of the pair—wise interaction parameter at the coil-to-globule transition pé?ﬁtand at the
special pointugg) in parentheses V® andG. The former has been determined by a quadratic interpolation of
the maxima positions of-d?c/dU(®)2. The latter has been determined by the conditi@f(UY)=R2

(ideal.
G=1 G=2 G=3 G=4 G=5 G=6
D=1 4.86(4.29 3.87(3.8)) 3.27(3.79 2.97(4.02 2.75(4.79 2.54(6.97
D=2 4.05(3.50 3.24(3.20 2.87(3.17 2.70(3.33 2.61(3.77 2.50(4.90
D=3 3.56(3.17 2.96(2.95 2.68(2.92 2.55(3.03 2.48(3.36 2.43(4.19
D=4 3.29(2.99 2.80(2.79 2.57(2.77 2.45(2.87 2.39(3.13 2.36(3.74
D=5 3.11(2.86 2.69(2.70 2.49(2.67 2.39(2.79 2.35(2.98 —
D=6 2.98(2.77 2.61(2.62 2.43(2.60 2.35(2.69 2.31(2.89 —

The region beyondU‘(;,’) corresponds to a globular con- descending stairway behavior seen for the good solvent is no
formation of the dendrimers, to a discussion of which welonger present now even for lar@® and the function oscil-
shall now turn. In Fig. 13 we display the mean-squared radilates around a constant value. Thus, the bond stretching near
of gyration for dendrimers with a different number of spacersthe core is reduced, and apart from the intra-generational
D versus the number of generatioBs The solid lines cor- variation and the special role of the termini, the globular
respond to the globule witb (9=7, that is, well beyond the dendrimers are fairly evenly stretched as well as have uni-
transition region, whereas the dashed lines correspond f@rm density[see the inset in Fig.(8)]. Note also that the
similar ideal dendrimersd(®’=0 andU(®=0). These grow Maxima occur at pairs of subsequent chain indise$his
with D at a fixedG, and vice versa in both cases. Interest-means that the mean-squared distances from the pre-branch
ingly, while the globule is more compact than the corre-monomer to the branch point are almost the same as from the
sponding ideal dendrimer at relatively sm@&l;, for D1G branch point to the post-branch one, which indicates similar-
>6 this trend reverses. This is due to a significant role of thdty in overall bond stretching with increasingand hence an
repulsive part of the nonbonded potential in dendrimers witrpproximate equivalence of all branch points in the globule.
excluded volume interactions and it shows a limited rel-Therefore, the connectivity structure of the dendrimer is less
evance of the model of ideal dendrimers when applied to théignificant and more locally manifested in the globular state.
coil-to-globule transition. In fact, the scaling behavior at the ~ Similar conclusions can be made also from the behavior
transition point differs from that of the ideal dendrimer un- of the monomer packing coefficient for globular dendrimers
like in the simpler cases of open or ring polymers. Suchin Fig. 15. Again,», only depends periodically on the spacer
issues will be examined by us further in Sec. IV C. index d, being nearly identical for all generations but the

Next, we shall compare the mean-squared distances b&rminal one. The peaks occur at the branch points and the
tween nearest neighbors along a branch versus the shell itermini have the lowest packing coefficient of all just as for
dex p for the globule in Fig. 14 to that in the good solvent in the good solvent in Fig. 11. Note, however, that the actual
Fig. 9. The functiorD(,_ 1 o(, o) here has a similar U-pattern magnitudes ofy, are much larger for the globule than for the
inside each generation, a dive at the terminal generation, ar@od solvent and approach 1/2. Moreover, the mean value of
it increases a& is increased, just as before. However, the?, in the globule steadily increases with and there is no

hollow domain in the globular conformation even f&r

100

1.6 T T T T

U9 =7 D=6 GSC

2
3R2

10

—— Globule, 7@ = 7, GscC
v~ Ideal, d®) = 0 .

1.1 | ) I - -
1 1 1 1 1 1 1 ] e

1 2 3 4 5 6 7 T

G - 1 1 ! ! 1 L 1 ! !
o] 5 10 15 20 25 30 35 40

p—

FIG. 13. Plots of the mean-squared radius of gyrati@h23vs the number
of generationss for the dendrimers in the poor SO|V6IU?O)=7, from the
GSC theory(filled circles and solid lingsand for the ideal dendrimers, FIG. 14. Plots of the mean-squared distarPgs_; g)(, o) Vs the shell index
d©®=0 (filled quadrangles and dashed lineBhe curves correspond to the p from the GSC theory for dendrimers with=6 spacers in the poor sol-
following values ofD for each of the two familiesD =1,2,3,4,5,6(from vent U®=7). The curves correspond ®=1,2,3,4,5,6(from bottom to
bottom to top. top).
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0.5 T T T T T T T T tion group calculation, namelyz=0.588+0.001. As dis-
U0 =7,D=6GsC cussed in Ref. 32 the GSC theory overestimates the Flory
0.45 . swelling exponent by about 0.04 as compared to the MC data
Mlp for this range of finite polymer sizes. This is consistent with

' the amount by which the GSC values fat exceed those of
o4 . s y the MC simulation.

ol b i ) At the same time, the prefacta; does not obey a
0.35 | A t N power law inG, but it can be fitted well via the following

A : expression:
03} . GSC: ag=(0.74+0.02)2~ (CT1/(407=01)

MC: ag=(0.9£0.032" (6+1/(39:02 (16)

RS 5 10 15 20 25 a0 a5 40 45

T Or by using Eq.(3) again, we can express this for the good
p solvent via
FIG. 15. Plots of the packing coefficient, vs the shell index for den- 1/4
drimers withD=6 spacers in the poor solvent){¥’=7) from the GSC ap2 |2 Ve My UAN v — 1/4
theory. The curves correspond to the following valuesCof 1,2,3,4,5,6 SRg ( N ) N DTN ’ 17
(from bottom to top.
1
V3R g~D'e(F—1)*o(C*+D), Vo~ reT 7 (19

>5. Indeed, the total density**)(r) of a globule dendrimer .
shown in the insets of Figs(#®, 6(b) is practically uniform Indeed, as can be seen from Table I, the resulting exponent
and rather localized within the size of the globule, thus hav¥p=0.37+0.01 in the GSC method, whereas from MC the
ing higher values than for the good solvent. Remarkably, th¢esulting exponent value isp=0.335+0.008=1/3. These
terminal generations still can traverse the dendrimer even ifotations for the exponentg; , vp at fixed values of either
such a dense state. G or D are akin to those traditionally used in thermodynam-
ics.

For the poor solvent a similar procedure gives the fol-
lowing values forN>200:

First, one can fit the mean-squared radii of gyration at a _ _ - N
fixed number of generatior@ in terms ofN expressed vi® GSC: Ag=0.560£0.007, vs=0.331+0.002

C. Scaling relations

by Eq. (3) as for U@=7, (19
Good solvent: 3R 2=agN"c (12) DA _
g~ %G ’ GSC: Ag=0.516£0.004, v;=0.333+0.001
Theta-solvent: \/SRg:aGNVG, (12 for U©=10, (20)
Poor solvent: 3R j=AgN"e. (13 MC: Ag=0.60+0.004, vg=0.31+0.02
The values of the exponent; obtained from fitting of the for U@ =g, (21)

data are presented in Table II,
or, roughly speakingyg~v=1/3, with coefficientAg de-

MC: »¢=0.58+0.02, (14 creasing slowly with increasing(®) and being almost inde-
GSC: v5=0.62+0.01. (15) pendent of other parameters suctGasHence, we have for a

] o . . poor solvent,
Note thatvg here practically coincides with the inverse frac-

tal dimension of an open repulsive chain. Thus, we can in- T vp(G+1) _ 1
terpretyg as the Flory swelling exponent, the value of which 3Ry~ N"~De(F=1)* » DT VT VT 3
for largeN is more accurately known from the renormaliza- (22

TABLE Il. Values of parameterag, vg andag, Vg obtained from the fitting procedure via Eq$1), (12) for

the good athermal)(®=0, and the thetaJ(;/’) , solvents over various values Bf at a given value o5 from
the GSC and MC methods.

GSC:ag Vg MC: ag Vg GSC:ag U

0.532£0.009 0.615:0.005 0.630.01 0.55:0.01 0.60:0.02 0.4770.009
0.445-0.007 0.626:0.004 0.5¢:0.03 0.58-0.02 0.5%0.02 0.48%0.006
0.371£0.005 0.62%0.003 0.44-0.03 0.570.01 0.44-0.02 0.500-0.005
0.312£0.004 0.6280.002 0.35:0.01 0.58-0.01 0.3%-0.01 0.4980.004
0.266+ 0.004 0.624:0.002 0.2%0.02 0.59-0.01 0.34-0.01 0.50%0.006
0.232£0.003 0.62%0.002 0.26:0.01 0.570.01 0.36:0.01 0.4970.005

ounbhwNnekr | ®
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TABLE lIl. Values of parametersy, vp andagy , Vp obtained from fitting procedure via Eqdl), (12) for
good athermaly(®=0, and the theta,J(;) , solvents over various values Gf at a given value oD from the
GSC and MC methods.

GSC:ap o MC: ap - GSC:ap o

0.98+0.01 0.377-0.002 1.08:0.01 0.333%0.002 0.69%-0.03 0.386:0.006
1.18+0.02 0.373:0.002 1.2%0.02 0.32%0.002 0.85:0.03 0.355:-0.005
1.33+0.03 0.37G:-0.003 1.4%0.03 0.330:-0.003 0.92-0.01 0.346-0.003
1.42+0.05 0.370:-0.004 1.5@:0.05 0.332:0.004 0.96-0.02 0.346:0.003
1.52+0.06 0.3690.005 1.480.09 0.340:-0.007 0.97-0.04 0.349-0.006
1.60=0.07 0.368-0.005 1.62-0.09 0.335:0.008 1.0:0.04 0.35%0.005

ouhs~MwnNpr | O

It is interesting to note that for the ideal chgebsence only an approximate technique, which has some intrinsic in-
of the excluded volume interactiond{®)=0) we obtain the accuracies, for instance, somewhat overestimating the size of
following accurate asymptotic expressibiior largeD and  polymers in the good solvent.

G: We have proposed a new scaling law for the radius of
7 12~ 1/2 gyration of dendrimers which involves the two exponerts

3R g=(V3DG2 (23 (at fixedG) and vy, (at fixedD),
Therefore, generally, the dependence of the radius of gyra- v 1p(G+1) 76— PDN D
tion on the spacer exponent is always the same as for an Rg~D"e(F—1) ~D N"P, (29
open/ring chain, but the ideal system lacks the compllcateq,r1ere ve=wv, With »~3/5, 1/2 and 1/3 being the inverse

dependence on the number of generatiGhsit is worth- g5 4a) dimension of an open/ring chain in the good, ideal

while to comment also that such an ideal system should nai,y hoor solvents, respectively. While this agrees with the
be confused with the system in the theta-solvent near th@onclusions of Refs. 25, 26 forg, we have obtained a

tion pointu© : . :
transition pointU,,”. For the latter we shall have a scaling rather different dependence on the number of generations.

akin to Egs.(18), (22), Namely, we have concluded thag~ v— 1/4~0.338 for the
1 good solvent, and'p~ v=1/3 for the globule. This is con-
V3R5~DYe(F—1)"(E* 1) yg=— vp<vp<wp. sistent with Ref. 27, but our estimate of, for the good
2 solvent is more accurate enabling us to claim thais cer-
(24) tainly above, although quite close to the poor solvent value
The values forvg, vp obtained from the GSC theory are 1/3.
reported in Tables Il, 1ll. We can conclude that indegg It is important to emphasize also that the law in EZp)

=1/2 with a high accuracy, whereag,~0.35. We expect is valid for the model with the harmonic bonds employed
the latter to be somewhat lower in the MC simulation than inhere. Dendrimers with bonds possessing a finite stretchabil-
the GSC theory again. ity and angular potentials would in all likelihood have more
complicated and nonuniversal features in their behavior.
However, the harmonic model is an important and well trac-
V. DISCUSSION AND CONCLUSION table reference point for further studies at the level of full
atomistic detail for concrete dendrimers, which could have
In this paper we have studied a range of homo-bonds stretchable in different ranges.
dendrimers wittD = 1—6 spacers an@=1-7 generations in We have concluded that the coil-to-globule transition for
the good and poor solvents, as well as across the coil-tadendrimers is continuous and that for the theta-solvent the
globule transition. These studies have been performed bgcaling law forR differs from that of the ideal dendrimer, in
two different techniques yielding a satisfactory agreementvhich Rg~(DG)1’2, having instead th&s-dependence of
between their results. The first technique is based on ththe form given by Eq(25) with 1/3<vy<3/5—1/4.
GSC method, while the second one is that of MC simulation  Details of the conformational structure of dendrimers
in continuous space. Both rely on the same coarse-graindtave been analyzed for the good and poor solvents also. In
model involving harmonic springs for connected monomerssome respects, our results support certain observations of
and the Lennard-Jones pair-wise potential with a hard cor&ef. 24 made for the good solvent. Namely, we find a strong
part. The overall accord between these two rather distincévidence of the re-entry of the terminal generation into the
approaches is quite important due to the limitations of bottdendrimer up to its very center, producing a rather delocal-
techniques. The MC technique, while in principle exactlyized partial density for those monomers. This results in the
modeling a given system, in practice, is always limited byhighest total density near the core for relatively small den-
the statistical accuracy and quality of equilibration for verydrimers, which decreases in larger dendrimers due to the
large dendrimers computationally affordable. The GSC‘entropic pull” effect of extra branches. However, as the
method, on the other hand, is abouf f@ster for the studied number of generations excee@s=5 there also develops a
range of dendrimer sizes and it directly produces the enlower density domain inside the dendrimer. Moreover, we
semble averaged equilibrium observables. However, it ihave analyzed the bond stretching along a continuous
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tivity of a dendrimer in the globular state manifests itself in
a much more localized manner, and with a significantly
smaller effect than for the good solvent.

We believe that our results allow one to reconcile some
of the disparate predictions from previous theoretical and
simulation studies by finding some simple limiting regimes
and by discovering nonmonotonic dependencies of various
observables and the local structure of dendrimers on the
number of generations. These unusual features of dendrimers

Ao

4 B indeed make them extremely appealing for numerous future
- 1 applications ranging from catalysis, rheology modifiers, to
drug delivery and biotechnology more generally.
By

FIG. 16. Tree diagram topologically equivalent to that of Fig. 1 for a D2G3
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Furthermore, we have attempted to elucidate the degree
of the steric congestion in a dendrimer by considering the
shell index dependence of the monomer packing coefficier®PPENDIX A: THE TOPOLOGICAL TREE
7, . The latter is the volume ratio of the space occupied by

all other monomers around a given one. In a relatively small The concept of the kinematic symmetries can be best
. : s 9 L : y explained by using the topological tree presented in Fig. 16,
dendrimern,, oscillates in the spacer index with only a weak

eneration index dependence, except for the terminal enerWhICh Is equivalent to the dendrimer diagram of Fig. 1.
9 S P ’ bt . 9 ﬁence, the horizontal line would represent any selected con-
tion which is less congested. A dendrimer with a large num- . . .

. secutive branch of the dendrimer, which we shall name the
ber of generations, however, has a less congested hollow. . .
L2 . L -primary branchB, with the core monomer being on the left.
domain inside it and the highest congestion in the penultiz ] -~ .
. . . et The length ofB is thenng=D(G+1), excluding the core
mate generations in accord with the density distributions. . .
monomer itself. Any two branches become topologically

The degree of asphericity of dendrimers appears to der'lonequivalent to each other as long as they diverge from the

crease with the increasing number of generations, dependin mmon parent sub-branch at some value of the generation

rather weakly on the number of spacers. This is also con- .
firmed by the behavior of the static structure factor, Whichmdexg' We shall call any two such branches nonequivalent

develops an oscillating globule-like character for lar@er of orderg. The leftmost vertical line on the left of Fig. 16
ps ar N9 9 ) . . represents any branch nonequivalentZoof order g=0,
Interestingly, while incorrect in concrete detail, the onion

model predictions of Ref. 13 do have a rather limited mean./Nich we shall denote a8, with the lengthns, =n,. Simi-

ing in a sense that there exists a hollow domain inside &Y then. we shall have branch& nonequivalent td3 of
dendrimer of a large enough number of generations, but ndifderg with the lengthng=D(G—g+1) for all values of

at the core itself. However, the partial densities of generagzo'l"“'G in our topological tree. Any o pairs _O_f "??”0'
tions fall off only beyond the appropriate cut-off radii. These Mers then would hav®; =D, as long as the paii (,j’)
densities are totally delocalized until the cut-ofsee Fig. €S In the same places in the topological tree as the pair
6(b)], being fairly large at the cor€,and certainly are not (i,j), thereby defining the equivalence classes of monomer

concentrated within thin layers as surmised. pairs. i h ber of ind
A similar analysis has been carried out for the poor sol- Moreover, we can easily count the number of indepen-

vent as well. The globular conformation of a dendrimer jsdent degrees of freedom in t'he ma@ﬁ- .’F(_)r that we have
much more compact, and it is rather uniform without any!© count th’e<number of possible pairs, ") in Fig. 16 such
hollow domains. The packing coefficient for the globule is 8t €.9-p"<p, wherei=(p,¢) andi’=(p’,¢"). Acciden-

much larger in value than for the good solvent and depend?"y' we note that the topological tree disregards the angular

on the spacer index only for the monomers in the inner gencP0rdinatese of any equivalent monomers. There are two

erations. There is also much less stretching of bonds inR0SSibilities of pairingo andp’: (@ p,p’ =B and(b) p< B
volved near the core than for the good solvent, even in gndp 659 for SOTeg' In the former case we Qet the num-
dendrimer with a larges. Generally, the bond stretching in Per of pairsCz=3%,i=ng(ns+1)/2, whereas in the latter
the globule is stronger for the branch points than for thecase we Obtaircg:2i1=ngi:ng(ng+ 1)/2. Thus, we have
middle of spacers or terminal monomers. Thus, the connederived the total number of independent degrees of freedom,
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which is identical to Eq(Al) in Ref. 19.

Similarly, the total number of independent 1-point ob-
servablege.g., the packing coefficien;), which depend on
p only, is simply the length of the primary brandd,

CH=D(G+1)+1. (A2)
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