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We investigated the generation dependent shape and internal structure of star-burst dendrimers
under good solvent conditions using small angle x-ray scattering and molecular modeling.
Measurements have been performed on poly~amidoamine! dendrimers with generations ranging
from g50 up tog58 at low concentrations in methanol. We described the static form factorP(q)
by a model taking into account the compact, globular shape as well as the loose, polymeric character
of dendrimers. Monomer distributions within dendrimers are of special interest for potential
applications and have been characterized by the pair correlation functiong(r ), as well as by the
monomer and end-group density profile,r(r ) and re(r ), respectively. Monomer density profiles
andg(r ) can be derived fromP(q) by modeling and via a model independent approach using the
inverse Fourier transformation algorithm first introduced by Glatter. Experimental results are
compared with computer simulations performed for single dendrimers of various generations using
the cooperative motion algorithm. The simulation gives direct access tog(r ) andr(r ), allows an
independent determination ofP(q), and yields in addition to the scattering experiment information
about the distribution of the end groups. Excellent qualitative agreement between experiment and
simulation has been found. ©2004 American Institute of Physics.@DOI: 10.1063/1.1768516#

I. INTRODUCTION

Starburst dendrimers are highly branched polymers with
a regular, treelike architecture as sketched in Fig. 1. In a
stepwise synthesis multifunctional monomers are added to a
multifunctional core. Each synthetic step defines a new gen-
eration and leads to a multiplication~3 functionality of
branching unit! of the number of monomers and terminal
groups in the dendrimer.

The heuristic sketch drawn in Fig. 1 implies not only a
well-defined globular shape it also suggests that most of the
terminal units can be found on the dendrimer surface leading
to a congestion of monomers in the outer shell and a de-
creased monomer density in the core region. This heuristic
image has led to a controversial discussion about the mor-
phology of dendrimers since potential applications~Ref. 1
and references therein! of these systems are highly dependent
on their structural peculiarities.

For example:~1! an uniform size and shape is required if
self-assembling properties of dendrimers are employed for
surface modification or manipulation.~2! A large number of

modifiable reactive end groups at the surface should lead to
multifunctional systems, useful for the design of new cata-
lysts or applications in biomedicine, such as gene transfec-
tion, magnetic resonance imaging, and virus inhibition.~3!
Cavities in the dendrimer interior are beneficial for their use
as host-guest systems for controlled drug delivery or the sta-
bilization of dyes and pigments. However, these structural
properties of dendrimers are still discussed controversially.

Scattering experiments2–12 and computer simulation13–29

can give valuable information about the shape and internal
structure of dendrimers in terms of radial density distribu-
tions and the overall dimension of dendrimers. Both methods
approach the problem from different directions. Scattering
experiments on dilute polymer solutions measure the form
factor P(q) of a ~single! dendrimer. By modeling or via in-
verse Fourier transformation~IFT! and subsequent square
root deconvolution~SQDEC!, the pair correlation function
g(r ) and the segment density profiler(r ) can be derived,
wherer is the radial distance from the center of mass. De-
spite the assumption of spherical symmetry for the SQDEC,
the IFT and SQDEC approach are model independent. Com-
puter simulation experiments intrinsically determine the seg-
ment density profile and pair correlation function, leading to
P(q) by Fourier transformation. Once good agreement be-
tween simulation and scattering experiment is found, from
the simulation, in addition to the scattering experiment, reli-
able information about the distribution of the chain ends in

a!Author to whom correspondence should be addressed. Electronic mail:
s.rathgeber@fz-juelich.de

b!Author to whom correspondence should be addressed. Electronic mail:
pakula@mpip-mainz.mpg.de

c!Present address: Oak Ridge National Laboratory~ORNL!, Oak Ridge, TN
37831.

JOURNAL OF CHEMICAL PHYSICS VOLUME 121, NUMBER 8 22 AUGUST 2004

38400021-9606/2004/121(8)/3840/14/$22.00 © 2004 American Institute of Physics

Downloaded 21 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp

http://dx.doi.org/10.1063/1.1768516


terms of the end-groups density distributionre(r ) can be
obtained. Both methods, experiment and simulation, derive
the radius of gyration directly from the pair correlation func-
tion.

With this paper we would like to focus on a direct com-
parison of results obtained from scattering experiments and
computer simulation on dendrimers under good solvent con-
ditions.

Our main goal is the detailed discussion of the structural
changes occurring in dendrimers as the generation is in-
creased fromg50 to 8. We represent the simulated and ex-
perimental data in a way enabling a direct comparison in
respect to length scales,q-range, and intensities without any
adjustable parameters.

The outline of this paper is as follows: In Sec. II we

introduce the structural characteristics of the simulated den-
drimers as well as those of the poly~amidoamine! ~PAMAM !
dendrimers. We describe the experimental settings of the
scattering experiment and the fundamental concept of the
simulation algorithm employed. We explain the basic idea of
the model used to describe the scattering spectra and give for
both methods an overview over the most important equations
necessary to discuss the dendrimer morphology. In Sec. III
the results of the simulation and the scattering experiment
are summarized with the focus on such quantities which can
be determined by scattering and simulation studies. These
include ~a! the form factor,~b! the segment density profile,
~c! the end-group distribution,~d! the molecular weight de-
pendence of the dendrimer dimension and, last but not least,
~e! the pair correlation function.

Results are discussed by comparing both methods di-
rectly with the focus on the generation dependent changes
occurring in the dendritic structure. Section IV contains the
most important conclusions.

II. SYSTEMS AND METHODS

A. Samples

The Starburst® poly~amidoamine! ~PAMAM ! dendrim-
ers were purchased from Dendritech, Inc. in methanol solu-
tion. They are synthesized via reiterative reaction sequences
starting from a ethylenediamine~EDA! core with functional-
ity f 54. Using protection/deprotection strategies a new se-
quence~generation! can be added, consisting of amine-amide
branching units with functionalitym52 and spacer length
P51. Generationg50 is built up by five segments which
include an EDA core molecule plus four amine-amide
branching units. The final generation terminates with primary
amine end groups. Dendrimers of generationg50 up to g
58 were studied. For more detailed information, see Ref.
30. The structural parameters are summarized in Table I and
the chemical structure is sketched in Fig. 1~a!.

B. Small angle x-ray scattering

The small angle x-ray scattering~SAXS! experiments
were performed at the High Brilliance Beamline ID2 at the
European Synchrotron Radiation Facility~ESRF! in
Grenoble, France. At a wavelength ofl050.1 nm with a
bandwidth ofDl/l05231024 the evaluated range of scat-
tering vectors was 0.08 nm21,q,3.5 nm21 using two de-
tector distancesd510 and 2 m. As sample containers we
used quartz capillaries with a diameter of 1.5 mm. The data
were corrected for absorption, background, and detector sen-
sitivity. Experimentalq-resolution effects,

DqFWHM5A~q3Dl/l0!21~Du32p/l0!2, ~1!

where the angular resolutionDu equals 500 and 100mrad for
d52 and 10 m, respectively, are even so small considered in
the data evaluation.

We analyzed the SAXS data via amodel-independent
approachas well as bydirect modeling. Both approaches and
their application to scattering data obtained for PAMAM
dendrimers have been described in a previous publication,10

FIG. 1. Schematic representation of third generation dendrimers:~a! a Star-
burst® poly~amidoamine! ~PAMAM ! dendrimer and~b! the simulated
dendrimer structure. Note, here the counting of the generation starts with
g50 which denotes the star polymer.
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therefore here, only a brief overview over the most important
equations is given.

The model-independent evaluation derives the pair dis-
tance distribution functionp(r ), or, analogously, the pair
correlation functiong(r )5p(r )/r 2 from the measured scat-
tering intensity via an IFT first introduced by Glatter31

I ~q!54pE
0

`

p~r !
sin~qr !

qr
dr, ~2!

from which the radius of gyration

Rg
25

*0
`p~r !r 2dr

2*0
`p~r !dr

~3!

can be obtained. Herer is the radial distance from the center
of mass. In a second stepp(r ) yields, under the assumption
of spherical symmetry via a square-root deconvolution rou-
tine ~SQDEC!, first introduced by Glatter,32 the electron den-
sity distributionr(r )

p~r !5r 2E
2`

`

r~x!r~x2r !dx. ~4!

In particular we used the IFT and SQDEC routines devel-
oped by Pederson which are described in detail in Ref. 33.

The maximal dimensionDmax and the minimal length
scaleDr

Dmax5
p

qmin
and Dr 5

p

qmax
, ~5!

which can be resolved in real space by this method are de-
termined by the smallest and largestq vector measured in the
scattering experiment, qmin50.08 nm21 and qmax

53.5 nm21, respectively, yieldingDmax539 nm which is
about four times larger than the dimension of theg58 den-
drimer andDr 50.9 nm. The value ofDr obtained by Eq.~5!
underestimates the lower resolution limit. Extensive tests of
Pedersen and Schurtenberger33 indicate that the resolution is
better estimated byDr'1/qmax resulting in a resolution of
about 0.3 nm in our particular case. The step width used in
Fig. 4 for the representation of the density profiles obtained
by IFT and SQDEC has been kept fixed to this value.

The model formulated to describe the scattering data
takes into account the loose, polymeric character of dendrim-
ers on small length scales as well their overall compact shape
on larger length scales and has been successfully applied in
modified versions to other dense polymer systems such as
star polymers,34–37diblock-copolymer micelles,38,39and star-
like dendrimers.40 The dendrimer form factorP(q) can be
described by the sum of two contributions

P~q!5Pshape~q!1abPfluc~q!, ~6!

where ab gives the weight of the scattering contribution
Pfluc(q) of the internal density fluctuations relative to the
scattering contributionPshape(q) arising from the overall
shape of the dendrimers. The latter is derived by modeling
the dendrimer density profile by a convolution of a homoge-
neous sphere profile with radiusRs and a Gaussian distribu-
tion with standard deviationss . Depending on the ratio
ss /Rs , a density profile with a more or less extended plateau
in the center region and a smoothly decaying density in a
smeared shell region is obtained~see insert of Fig. 5 in Ref.
10 and Fig. 4!. Since the Fourier transformation of a convo-
lution simply splits into the product of the Fourier transform
of the multipliers, the scattering amplitudeAshape(q) can be
expressed in terms ofqs5qRs

Ashape~q!5E
0

`

r~r !r 2
sin~qr !

qr
dr5

3

qs
3 @sin~qs!

2qs cos~qs!#expS 2
q2ss

2

4 D , ~7!

yielding the shape contribution to the form factor:Pshape(q)
5Ashape

2 (q).
The internal density fluctuations dominate the scattering

at large scattering vectors. On length scales smaller than the
correlation lengthj of the density fluctuations, sections of
the dendrons have to be described as self-avoiding~sub!
walks similar to the case of linear polymers in semiconcen-
trated solutions. Combining the approaches of Dozieret al.37

and Beaucage,41 the scattering contribution of the density
fluctuations can be described by

TABLE I. Radii of gyrationRg , number of end groupsNe , and total number of segmentsN for the simulated
dendrimer structures initiated from a bifunctional core compared to those of the Starburst® PAMAM dendrim-
ers built from a tetrafunctional core for generationsg50 – 8. The center-to-end-bead distanceRe obtained for
the simulated dendrimers and the normalized valuesRg /Rg (g58) are also included.

g Ne

Simulation PAMAM

N Rg /@a#b Rg /Rg (g58) Re N Rg
a/@nm# Rg /Rg (g58)

0 4 8 1.092 31 0.189 1.464 44 5 0.4060.03 0.10460.006
1 8 16 1.493 68 0.259 1.960 67 13 0.7960.01 0.20460.004
2 16 32 1.927 13 0.334 2.377 13 29 1.1860.02 0.30660.004
3 32 64 2.406 53 0.417 2.801 46 61 1.50960.005 0.39160.002
4 64 128 2.9417 0.510 3.309 02 125 1.86060.007 0.48260.002
5 128 256 3.557 82 0.617 3.8346 253 2.30760.003 0.59860.003
6 256 512 4.249 82 0.737 4.502 43 509 2.75060.003 0.71360.002
7 512 1024 4.960 93 0.860 5.203 55 1021 3.21160.005 0.83260.002
8 1024 2048 5.768 99 1 5.987 26 2045 3.85860.01 1.00060.004

aObtained by IFT and a Gunier fit (g<2), respectively.
b@a# is half of the fcc lattice constant.
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Pfluc~q!5
1

mqf*

sin@m tan21~qf* !#

@11qf* #m/2
, with

qf* 5qj@erf~qRg /A6!#23, ~8!

wherem5n2121 is given by the Flory parametern ~53/5
for good solvent conditions!. The error function inqf* en-
sures a cutoff of the internal contribution on length scales of
the overall dendrimer dimension given by the dendrimer ra-
dius of gyrationRg .

The model includes four adjustable parameters:~1! the
sphere radiusRs , ~2! the width of the smeared surface region
determined by the standard deviationss of the Gaussian,~3!
the correlation length of the density fluctuationsj51.560.1
nm which is found to be independent, Ref. 10 gives a de-
tailed description of the fitting procedure as well as a sum-
mary of the fit results in Table I.

C. Computer simulation

Computer simulation of model systems of single den-
drimers with generations betweeng50 andg58 have been
performed using the cooperative motion algorithm~CMA!,
in a version previously used for simulations of other single
macromolecules with various architectures.42–44This method
has an unique property of providing sufficient mobility in
dense lattice macromolecular systems~all lattice sites occu-
pied! due to the applied concepts of cooperative molecular
rearrangements.42,44–46 It seems to be particularly suitable
for simulations of compact macromolecules such as den-
drimers or multiarm stars since in such structures the in-
tramolecular density can reach values comparable to the den-
sity in bulk. The method has been described in various
former publications,42–46 therefore here, only details related
directly to the considered architectures will be given.

Generally, in this type of simulation the macromolecules
are considered on a fcc lattice as assemblies of beads, repre-
senting monomers, connected by nonbreakable bonds in a
way corresponding to the macromolecular skeleton. The par-
ticular scheme depicting the polymer skeleton of the simu-
lated dendrimers is shown in Fig. 1~b!. The systems repre-
sent single molecules which are considered in an open space,
i.e., without external boundaries.

Dendrimers of various generations are obtained in a way
corresponding to the synthetic routes used in real systems.
Starting from a primary initiator of a given functionality,
larger regular structures~higher generations! were grown se-
quentially by extending the reactive ends by linear or
branched units according to the requirements given by the
assumed structural parameters~e.g., spacer length or branch-
ing functionality! and the available space. The simulated
dendrimers are flexible and rearrange under the excluded
volume condition as if they are immersed in a neutral~good!
solvent. During the growth process the structures were kept
in motion giving nearly spatially relaxed structures immedi-
ately.

Dynamics has been analyzed by means of various corre-
lation functions describing orientational relaxations and dis-
placements. Systems of different generations have been
monitored over time periods exceeding the longest relaxation

time by at least one order of magnitude in order to be sure
that equilibrium has been reached. Simulated dendrimers
considered in this paper under athermal conditions are con-
structed in the following manner: core functionalityf 54,
length of the spacer between the branching pointsP51,
branching functionalitym52, and generations fromg50 to
8. Generationg50 consists of eight beads. Table I summa-
rizes the structural parameters and Fig. 1~b! gives a sketch of
the simulated structures by means of theg53 dendrimer.
Figure 2 shows a series of snapshots of equilibrated simula-
tions for dendrimers with generations betweeng53 and 7.

Moving the systems continuously by means of the coop-
erative rearrangements characteristics of the CMA, a large
number of conformations have been generated for each struc-
ture. The following quantities characterizing dimensions and
details of the segment distributions in simulated dendrimers
were determined as averages over the variety of states con-
sidered to be belonging to equilibrium.

FIG. 2. Snapshots of the equilibrated simulated structures for dendrimers
with generationsg53 – 7.
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~1! Distributions of beads around the center-of-mass
r(r ), as well as the distributions of the free endsre(r ),
representing fractions of lattice sites occupied by dendrimer
beads within spherical shells of radiusr centered at the
center-of-mass.

~2! Site-site correlation function of sites separated byr
5r i2r j

g~r !5
1

N
^ck~r i !•cl~r j !&, ~9!

whereN is the total number of beads constituting the den-
drimer,ck andcl are contrast operators assuming values of 1
for sites occupied by molecular elements~beads! and assume
0 everywhere else.

~3! Mean square radius of gyration

^Rg
2&5^~r i2r cm!2&, ~10!

wherer i andr cm are space coordinates of monomers and the
centers of mass, respectively.

~4! Mean square center-to-end-bead distance

^Re
2&5^~r e,i2r c!

2&, ~11!

wherer e,i and r c are the coordinates of the end and center
bead~s! which are marked by the empty and striped bead~s!
in Fig. 1~b!, respectively.

~5! Static form factor

P~q!5(
i j

g~r !
sin~qr !

qr
, ~12!

whereq is the scattering vector.
The sizes and distances are expressed in units@a# having

length of half of the fcc lattice constant; accordingly the
bond length isaA2.

III. RESULTS AND DISCUSSION

A. Form factor

We would like to start the discussion of our results with
the quantity intrinsically measured by a small-angle scatter-
ing experiment, the particle form factorP(q).

The generation dependent changes in the form factor
have been measured with SAXS on PAMAM dendrimers by
Prosaet al.2 (g50 – 10) and Mallamaceet al.3 (g51 – 8).
In addition there are some SANS and SAXS results on low-
generation dendrimers of different type, including poly~ben-
zyl ether! ~Kleppingeret al.,4 g50 – 2 and Evemenkoet al.,5

g51 – 5), poly~propyleneimine! ~Scherrenberg et al.,6

g50 – 4), poly~propyleneamine! ~Ballauff and co-workers,7,8

g53 – 4) and poly~allylcarbosilane! ~Kuklin et al.,9

g53 – 5) dendrimers.
All experimental results, in respect to the appearance of

higher order maxima for high-generation (g>5)
dendrimers13–17 and the scattering contribution of the inter-
nal density fluctuations at high scattering vectors13,14,16–19

are in very good qualitative agreement with results obtained
from various computer simulations.

However, theories assuming Gaussian interaction be-
tween segments for the calculation of the form factor cannot
describe the development of higher order maxima~Wallace

et al.,18 Boris and Rubinstein,47 La Ferla,48 Hammouda,49

Burchard50!. They predict much looser structures in particu-
lar for high-generation dendrimers.

Figure 3 shows a comparison between our SAXS spectra
for all dendrimer generations obtained at low polymer con-
centration (c51 wt %) with the particle form factors deter-
mined by CMA for the simulated single dendrimers. The
scattering data shown represent the form factorsP(q) since
further dilution did not result in a change of the spectra.
Hence any influence of interparticle interaction can be con-
sidered to be negligible at this small but finite concentration.
Both, the experimental and simulation results are presented
in form of a Kratky plot generalized for good solvent condi-
tions. The logarithmic Kratky presentation ensures a very
sensitive visualization over a broadq range and allows a
direct comparison between the scattering spectra and the
simulated form factors. The variable of thex-axesqRg is
unit-less with Rg determined by IFT from the scattering
spectra and by FT from the simulated pair correlation func-
tions. The intensities are plotted in arbitrary units and they-
axes are only adjusted to show equal number of decades. In

FIG. 3. Bottom: SAXS spectra for dendrimer generationg51 – 8 in a gen-
eralized Kratky presentation~markers!. Top: Form factors obtained from
computer simulations for the same dendrimer generations in a analogous
representation. The solid vertical lines mark the locations of the minima and
maxima in the spectra obtained for theg58 dendrimers.
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this way the comparison between the scattering data and the
simulated spectra is made without any adjustable parameters.

It is seen that all features of the measured spectra are
very well reflected in the form factors determined for the
simulated systems. For a better comparison the maxima and
minima are marked for theg58 dendrimer in both, the
simulated and the measured data set. For high-generation
dendrimers (g>6) the first maximum appears between
1.48<q<1.51 for the real dendrimers and between 1.48
<q<1.52 for the simulated dendrimers, which is close to the
value of 1.49 expected for homogenous spheres. For the
lower generations the maxima shift towards higher values up
to 1.66 and 1.67 for the real and simulatedg53 dendrimers,
respectively. In the simulated and measured form factors sec-
ondary maxima become visible from the fifth, and ternary
maxima appear from the sixth generation on. For homoge-
neous spheres the minima,qminRg5A3/5(2n11)p/253.65,
6.08, and 8.52~with n being a positive integer!, are a sensi-
tive measure for the size of the spheres. In agreement with
the SAXS results of Prosaet al.,2 the minima found for the
simulated and realg58 dendrimers are very close to the
values expected for homogeneous spheres. All these obser-
vations support the picture of high-generation dendrimers
(g>5) being rather compact, globular objects. Very good
agreement between experiment and simulation is not only
observed in respect to the location of the minima and
maxima but also the variation in the intensity with the gen-
eration number is very similar for, both, the real and simu-
lated systems.

Scattering originating from density fluctuations on small
length scales dominates the form factor obtained from simu-
lation and scattering experiment at high scattering vectors.
The scattering intensity follows aq25/3 power-law depen-
dence as expected for linear polymers under good solvent
conditions. In the generalized Kratky presentation this leads
to a smearing out of the higher order maxima and to a lev-
eling of the form factor to a plateau forqRg>3.5, in particu-
lar evident for dendrimers with generations smaller than five.
Prosaet al.2 and Mallamaceet al.3 discuss a transition from
a q24 to q25/3 power-law decay with decreasing dendrimer
generation for the high-q region which is accompanied by a
disappearance of higher order maxima. The authors interpret
their results as a transition from a rather compact, spherical
shape of high-generation dendrimers to a much, looser star-
like shape of low-generation dendrimers. However, in a pre-
vious publication10 we have shown that the high-q scattering
is dominated by contributions originating from internal den-
sity fluctuations yielding aq25/3 power-law decay~for good
solvent conditions!. The relative contribution of this power-
law scattering to the overall scattering decreases strongly
with increasing generation. As a consequence, and due to the
appearance of higher order maxima, the power-law decay is
less pronounced in theq window of the scattering experi-
ment for high-generation dendrimers and is not~necessarily!
a consequence of changes in the overall shape of the den-
drimers.

B. Density profile

Applying self-consistent field theory de Gennes and
Hervet51 were the first to perform a theoretical study on the
structural properties of dendrimers. They predicted a mono-
mer density profile with a minimum in the center and mono-
tonically, increasing density towards the dendrimer periph-
ery. Congestion in the outer shell with increasing generation
yields a critical generation above which perfect growth of the
dendrimer is impossible. However, Boris and Rubinstein47

later on showed that this result is not a consequence of the
self-consistent field approach but rather is a consequence of
the assumption that the monomers of each generation are
constricted to concentric shells. Relaxing this constriction,
the numerical self-consistent field approach of Boris and
Rubinstein47 yields a Gaussian-like density profile having the
maximal density at the center of the molecule, but no pla-
teau, with a monotonic decrease of the density towards the
edges. In a recent publication Zook and Pickett52 generalized
the approach of de Gennes and Hervet51 by overcoming their
a priori assumption that a single dendrimer conformation
where the monomers of each generation are constricted to
concentric shells dominates the thermodynamic limit. In the
limit of long, flexible spacers between branching points they
obtain parabolic density profiles with a dense core for high
generation (g>5) dendrimers. However, for short spacers
the authors found numerically a small dip in the density pro-
file at the core of the molecule.

On the basis of the observations outlined in Sec. III A,
experimental findings seem to support the picture of den-
drimers being rather compact, globular objects.

In order to obtain further details from our scattering ex-
periments, the measured scattering spectra are described by a
model which takes into account the scattering stemming
from the internal density fluctuations as well as from the
overall globular shape of the dendrimers. As described in
Sec. II B we used a combination of two terms@see Eq.~6!#:
~1! a shape contribution to the scattering obtained from the
density profile of a homogeneous sphere of radiusRs with a
smeared surface region of width 2ss given by Eq.~7! ~see
also insert of Fig. 5 in Ref. 10! and ~2! a term taking into
account the scattering from the internal density fluctuations
as given by Eq.~8! with the range of the internal density
fluctuationsj as adjustable parameter.j does not vary sig-
nificantly or systematically with generation and has been de-
termined to be about 1.560.1 nm. The segment density pro-
file r(r ) can be derived from the static form factorP(q)
using this model and by a model independent approach using
an IFT and a SQDEC algorithm described in more detail in
Sec. II B. For dendrimers with generationg53 – 8,r(r ) is
plotted in the bottom part of Fig. 4 versus the radial distance
from the dendrimer center-of-mass normalized to the radius
of gyration of theg58 dendrimer. The stepped lines denote
the numerical results obtained by the IFT and SQDEC pro-
cedures whereas the continuous lines show the results from
the model fit. The widths of the steps in the density profiles
obtained numerically are a measure for the resolution of the
scattering experiment in real space@see Eq.~5!#. Within the
error bars of the method the segment density is homogeneous
in the center region, exhibits a pronounced plateau, and de-
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creases monotonically to zero in a smeared outer surface
region. The absolute values of the segment densities in the
dendrimer center are rather high. Polymer concentrations of
about 0.9 vol % are found for theg58 dendrimer which
decreases slightly from 0.8 vol % for theg57 dendrimer to
about 0.7 vol % for the dendrimers with generationsg
53 – 6. A significant change in the density profiles occurs
between the fifth and sixth generation. This change is best
indicated by plotting the relative width 2ss /Rs of the surface
region, shown in Fig. 5 of Ref. 10, as a function of the
generation. The relative width of the surface region increases
drastically, stepwise from 28% to 48%, when the generation
is decreased fromg>6 to g<5.

The Gaussian density profile obtained forg53 and 4
dendrimers by Ballauff and co-workers7,8 from small-angle
neutron scattering experiments~SANS! are in good qualita-
tive agreement to the much more extended decay of the den-
sity profiles found by us for the low-generation dendrimers
g<5. The rather extended, very dense plateaus and mono-
tonic, rapid decrease of the segment density in the smeared
surface region with increasing generation as obtained from
our experiment are similar to the SAXS results reported by
Prosaet al.2 (g53 – 9) but differ for lower generationsg

<5 in respect to a local density minimum in the dendrimer
periphery observed by Prosaet al.

For a comparison between simulation and experimental
results the density profiles obtained from the simulation are
plotted in the top part of Fig. 4 in the same manner. In Figs.
4 ~and 5!, the bold solid line marks the results obtained for
the fifth generation, thin dashed lines and thin solid lines
mark the results obtained for generationg<4 andg>6, re-
spectively. The simulation reproduces the generation depen-
dent development of the profiles, derived from the experi-
mental results, very well. The simulated profiles exhibit a
pronounced plateau for high-generation dendrimers. The pla-
teau densities are rather high and show the same trend as the
results based on the experiment. The plateau values decrease
from about 0.9 vol % forg58, over 0.7 vol % forg57 to
about 0.6 vol % for theg55 and g56 dendrimers. Com-
pared to the experimental results, the final decay towards the
outer edges is somewhat steeper in the profiles of the simu-
lated dendrimers. Plateaus extend to radial distances of about
r'Rg in the simulated profiles but only to aboutr'0.8
3Rg for the real system. Forg<4 the plateaus disappear

FIG. 4. Segment-r(r ) and end-group density profilesre(r ) as a function of
the radial distance from the center-of-mass normalized to the radius of gy-
ration of the simulated and realg58 dendrimer, respectively. The top part
shows the simulation results for dendrimers of generationg51 – 8. The
bottom part presents the results forg53 – 8 obtained from the SAXS spec-
tra by IFT and SQDEC by stepped lines. The continuous lines mark the
results obtained by the model fit described in the text. The hatched area
marks the resolution limit of the IFT and SQDEC method. The full and open
stars mark for each generation the conditionr 5Rg andr 5Re , respectively.

FIG. 5. Number of end groupsne normalized to the overall segment number
n at a certain radial distancer from the center-of-mass vsr normalized to the
radius of gyration of theg58 dendrimer~top!. Cumulative distributions of
all segments( r i<rNi(r i)/N and the terminal units only,( r i<rNei

(r i)/Ne ,
are shown in the middle and bottom part, respectively. The full stars mark
the conditionsr 5Rg for each generation. The solid lines in the top part
mark the conditionne(r )/n(r )50.5 and 0.7. The arrows assign these con-
ditions to the corresponding locations on the cumulative distributions.
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and a more gradual decay to the outer edges is observed. The
major difference between profiles obtained from the scatter-
ing spectra and from simulation is the small density hole at
the dendrimer center observed in the simulated profiles.
However, the dimension of this density hole is certainly at
the resolution limitDr'0.3 nm of the scattering experiment,
marked by the hatched area in Fig. 4~bottom!. A significant
change in the density profiles is observed between the fifth
and sixth generation for the real system and for the simulated
dendrimers between the fourth and fifth generation. This
shift in generation might be attributed to the slightly different
core structures~see Fig. 1!.

Computer simulations of Lescanec and Muthukumar20

(g50 – 6) using a kinetic growth algorithm which might not
reflect the equilibrium structure of dendrimers yield similar
density profiles as predicted by the theory of Boris and
Rubinstein47 (g51 – 6). Density profiles exhibiting a dense
core but no plateau region are observed even for high-
generation dendrimers. Several simulations performed by
Scherrenberget al.6 @molecular dynamics simulation~MD!,
g50 – 4], Mansfield and co-workers13,14@Monte Carlo simu-
lation ~MC!, g51 – 11], Karatasoset al.15 ~MD, g53 – 6),
Giupponi and Buzza16 ~MC, g53 – 8), Timoshenkoet al.17

~MC, g51 – 7, showng54, 6!, Murat and Grest21 ~MD, g
51 – 8, showng55 – 8), Lyulin et al.22,23 @Brownian dy-
namics simulation~BD!, g50 – 6], Lue24 ~MC! (g52, 4),
Chen and Cui25 ~MC, g50 – 8) and Cavallo and Fraternali26

~MD, g50 – 4) come to a different conclusion. The density,
which is always highest at the center~except in Ref. 15!,
decreases monotonically towards the edges for low-
generation dendrimers but for high-generation dendrimers
the density profiles exhibit a broad plateau/shoulder before
decaying smoothly to zero towards the outer edges. The
width of the plateau increases with increasing generation.
The formation of a plateau region with constant density is
accompanied by the development of a local minimum close
to the center.6,13–17,21–24,26These simulation results are prin-
cipally reflected by experimental findings with the exception
of two features. The development of a local minimum close
to the center seen in computer simulations for high-
generation dendrimers has not been observed in the experi-
ments, neither could the local minima in the dendrimer pe-
riphery, as experimentally found by Prosaet al.2 for low-
generation dendrimers, be affirmed by computer simulations.

Hence, we can conclude that the increasing width of the
plateau with increasing generation and the more gradual de-
cay for low-generation dendrimers obtained from our experi-
ment and simulation are in good qualitative agreement with
the results found by other authors by computer
simulation6,13,15–17,21–26and scattering experiments.2,7,8

Some detailed differences between results of different
simulations are probably dependent on details of core archi-
tecture and on other parameters such as spacer length and
coordination at branching points. This can influence to some
extent the appearance~location! of the density hole in the
center region as seen in our and in other computer simulation
results.6,13,15–17,21–24,26

The small density drop observed in the center of the
simulated dendrimers might be caused by the stretching of

the center but is according to our simulations small because
of the back-folding of the outer generations. Zook and
Pickett52 proposed for dendrimers with short spacers a small
density drop in the close vicinity of the zero generation as
observed in the majority of computer simulations. However,
it was always found that the density is highest directly in the
center. We also performed simulations on dendrimers with
longer spacerP>2 which seem to support the picture that
maximal density at the center followed by a local minimum
is characteristic for longer, more flexible spacers.53 Indeed,
most of the computer simulations on dendrimers have been
performed on dendrimers with spacer length larger thanP
51 ~Refs. 13, 14, 16, 17, 21! or resolving the spacer on an
atomistic~corse-grained! level.6,26,27We found that the simu-
lation data forP51 yield best agreement with the results
from the scattering experiment despite the density hole at the
center which is certainly beyond the resolution limit of the
scattering experiment.

The dendrimers probably can anyway be used as a box/
cage because back-folding peripheral elements might be
pressed out by an foreign molecular object in the center and,
hence, will increase the outer density which can constitute
enough high barrier for the object to escape from the so
formed cage.

Stretching of the first generations can also be considered
as responsible for correlations between the first generations
resulting in density peaks as seen by some authors.13–15,19,25

The absence of density peaks in our results is caused by
different normalization methods used and to some extent also
by differences in stiffness or intramolecular flexibility of the
model systems. The densities determined here represent frac-
tions of lattice sites within spherical shells of radiusr cen-
tered at the center-of-mass and having thicknessDr compa-
rable with the bond length. Such normalization in the case of
a lattice model takes already into account that the systems
locally are not continuous and the normalized density just
reflects which fraction of available sites is occupied~as seen
on length scales addressed by a small-angle scattering ex-
periment!. If, however, in such systems the normalization
would be made with respect to available continuous space
the distribution should reflect the discrete character of the
lattice and a nonuniform distribution of elements at short
correlation distances would follow. This can nicely be seen
by comparing the results of Mansfield13 to an earlier publi-
cation of the same author.14 Density distributions determined
here for dendrimers can also be compared to distributions
determined for other macromolecules simulated by this
method.45,46

Furthermore, the discrete nature of the local arrangement
of elements should be considerably smeared out when the
flexibility of the dendrimer is large and consequently the
center-of-mass strongly fluctuates with respect to positions
of the elements near the topological center of the dendrimer.
As a consequence coordination peaks should be significantly
smeared out when the density is plotted relative to the center-
of-mass rather than relative to the core bead.13–15,25The den-
drimers considered in this publication are extremely flexible.
They consist of elements which in the linear configuration
have a persistence length smaller than two bonds.44 Unfortu-
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nately, in the simulation of Harreiset al.19 in which the den-
sity distributions show a strong discrete character of local
correlations the persistence length is not known but can be
supposed to be much larger considering the observed effects
which may result from the structure stiffness. The large flex-
ibility of the dendrimers in the here presented systems is
achieved due to the cooperative mobility of the dendrimer
elements even under conditions of high local density and
high branching degree. Certainly, this example contradicts
opinions that simulations on lattices represent more stiff sys-
tems.

C. Location of the end groups

Concerning the location of the end groups, Ballauff and
co-workers7 derived the end-group distribution from small-
angle neutron scattering experiments on a deuterium end-
labeledg54 dendrimer using contrast variation. Their find-
ings led to the conclusion that the outer generation can be
found all over the dendrimer interior since the end-group
distribution could be described by a Gaussian. Toppet al.11

measured the radius of gyration of the outer generation on a
contrast matched end-labeledg57 dendrimer. From the fact
that the radius of gyration of the end groupsRg,e is larger
than Rg of the corresponding unlabeled dendrimer, the au-
thors concluded that most of the terminal units are located
near the dendrimer periphery. Lyulinet al.22 later questioned
the validity of this conclusion since segment distributions
can be constructed yieldingRg,e.Rg , with most of the ter-
minal units located in the interior of the dendrimer. All com-
puter simulations cited so far including the simulation of
Harreis et al.19 ~MC, g53) and Lee et al.28 ~MD, g
52 – 6) as well as the theoretical work of Boris and
Rubinstein47 and Zook and Pickett52 come to the conclusion
that there is significant back-folding of the end groups and
that the terminal units can be found all over the interior of
the dendrimers except for a small depletion zone close to the
center. The simulations of Karatasoset al.15 and Timoshenko
et al.17 yield end-group distributions showing that the termi-
nal units even can approach the center of the dendrimer. The
end-group distributions derived by Boris and Rubinstein47

exhibit off-centered peaks and have a rather Gaussian-like
shape. Computer simulations of Mansfield13 and Giupponi
and Buzza16 obtain end-group density profiles with a peak-
like shape for low dendrimer generations. However, for high
generations they observe a plateau at intermediate radial dis-
tances. In accordance to the overall segment distribution the
extension of the plateau increases as the dendrimer genera-
tion is increased. The simulations of Murat and Grest21 as
well as the results of Lyulinet al.22 confirm the plateaulike
shape of the end-group density profiles for high-generation
dendrimers. End-group distributions obtained by Scherren-
berget al.6 and Karatasoset al.15 exhibit peaks at larger ra-
dial distances with a rather extended shoulder towards the
dendrimer center. The molecular dynamics experiments of
Cavallo and Fraternali26 and Mazoet al.27 (g54) on den-
drimers with, however, rather bulky end groups come to
somewhat different conclusions. Mazoet al.27 found the ter-
minal units to be localized at the periphery and only about
20% of the end groups are situated in the internal region of

the dendrimer. Increasing bulkiness of the terminal units
shifts the peak of the end-group distribution closer to the
outer edge. Cavallo and Fraternali26 found the end groups to
be rather localized at the surface forg<2 but in accordance
with other authors6,15 for g>3 end-group distributions de-
velop a shoulder towards the dendrimer center but the termi-
nal units are still expelled from the core region.

Mansfield,13 Karatasoset al.,15 and Murat and Grest21

resolved the distributions for individual subgenerationsg8
<g in dendrimers of various generationsg relative to the
center bead. The subgenerations close to the core are found
to be rather localized~relative to the center bead! whereas
the outer subgenerations are delocalized and can be found all
over the dendrimer interior~except the core region!. For
high-generation dendrimers the peaks for the inner subgen-
erationsg8,5 shift to larger radial distances and become
sharper with increasing generation indicating enhanced
stretching of the inner subgenerations. Subgenerationsg8
>5 remain delocalized with distributions showing a broad
shoulder/plateau towards the dendrimer center. Driven by ex-
cluded volume interaction the inner generations stretch out to
gain volume to enable the outer generations to fold back.
Since only a small fraction of the mass is located in the
center, the entropic penalty paid is only small and it is en-
tropically more favorable to enable the outer parts of the
dendrons, where most of the mass is located, to adopt a more
coiled conformation. This mechanism is also confirmed by
Timoshenkoet al.17 for dendrimers withg>4 by looking at
the mean-square distance between radial neighbors.

The local minimum found by the majority of the
simulations6,13–15,17,21–24,26in the overall monomer density
distribution close to the core has been explained by an in-
complete refill of the vacancies created by stretching the in-
ner generation through the back-folding of the outer genera-
tions.

The distributions of the terminal units obtained from our
simulation are included in the top part of Fig. 4. We consent
with the majority of authors that for all generations the end
groups can be found all over the dendrimer except in a small
depletion zone at the dendrimer centers. End-group distribu-
tions for high generations exhibit broad plateaus13,15,16,21,22

which are, compared to the distributions obtained for all seg-
ments, somewhat more extended towards larger radial dis-
tances from the center. End-group distributions obtained for
dendrimer generations lower thang55 do not show plateaus
but exhibit a rather peaklike shape.7,13,16,19

In accordance to the overall segment distributions, for
the end-group distributions a general change in shape is
found to take place between the fourth and fifth generation.

For a more quantified discussion of the generation de-
pendent changes in the distribution of the terminal units, the
number of end groups relative to the overall segment number
ne(r )/n(r ) and the cumulative distributions of terminal units
and all segments are plotted in Fig. 5 as a function of the
radial distance from the center of mass normalized to the
radius of gyration of theg58 dendrimer. For g>5,
ne(r )/n(r ) develops a distinct shoulder towards smaller ra-
dial distances. Evidently, for generationsg>5 enhanced
back-folding of the end groups towards the dendrimer center
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takes place. The enhanced back-folding of the terminal units
is accompanied with the appearance of a pronounced plateau
in the ~end-group! density profiles and is in accordance with
the observations of Mansfield,13 Timoshenkoet al.,17 and
Murat and Grest21 that the inner part of the dendrimer
stretches out for high-generation dendrimers to allow outer
generations to adopt an entropically more favorable confor-
mation through folding back into the vacancies.

Following the evaluation of Luylinet al.22 we now
would like to address the question which fraction of the end
groups is located at the dendrimer surface or interior, respec-
tively, in a more quantitative manner as a function of the
dendrimer generation. The cumulative distributions
( r i<rNi(r i)/N, shown in the middle part of Fig. 5, give the

number of all units located at distancesr i smaller or equalr
relative to the overall number of units in the dendrimer. In
the bottom part of Fig. 5, the analogous cumulative distribu-
tion ( r i<rNei

(r i)/Ne for the terminal units is presented. If

we now define the interior of a dendrimer by the condition
r<Rg , corresponding to the extension of the plateaus of the
density profiles of high-generation dendrimers, about
60% (g58) to 70% (g53) of all segments but also
47% (g58) to 56% (g53) of all end groups are located in
the interior of the dendrimer. Another approach might define
the dendrimer periphery by the condition that the end groups
should be the dominating species, thusne(r )/n(r ) should
exceed 50%. In the top part of Fig. 5, the condition
ne(r )/n(r )50.5 and 0.7 are marked by the solid lines. The
arrows mark the corresponding points on the cumulative dis-
tributions for theg53, 5, and 8 dendrimers. From the rather
relaxed conditionne(r )/n(r )>0.5, we obtain that about
46% (g53) to 35% (g57) of the terminal units are located
in the periphery of the dendrimer. However, getting some-
what more restrictive withne(r )/n(r )>0.7, we obtain that
only 10% (g57) to 17% (g53, 8) of the end groups are
located at the dendrimer surface. We, therefore, would like to
conclude that at least for these rather flexible dendrimers a
significant fraction of the terminal units is not located at the
dendrimer surface. Table II summarizes the results for all
generations for the conditionsne(r )/n(r )>0.8, 0.7, 0.6,
and 0.5.

D. Radius of gyration and fractal growth
of dendrimers

Another question tried to be answered by computer
simulations as well as by scattering experiments has been
whether dendrimers grow in a fractal manner or not. Den-
drimers can be considered as fractal, growing objects if the
addition of a new generation to a dendrimer~i.e., increasing
its molecular massMw) leads to self-similar structures for
which the radius of gyration scales withRg}Mw

1/D5Mw
n ,

wherey denotes the Flory exponent andD is the fractal di-
mension. Hence, from the molecular weight dependence of
the dendrimer dimensions conclusions can be drawn whether
or whether not dendrimers grow in a self-similar manner
when a new generation is added.

Some computer simulations~Scherrenberg et al.,6

Karatasoset al.,15 Giupponi and Buzza,16 Murat and Grest,21

Lyulin et al.,23 Cavallo and Fraternali26! as well as scattering
experiments@Evmenenkoet al.5 (g51 – 5), Scherrenberg
et al.,6 Prosaet al.12 (g52 – 9)] obtain a fractal dimension
of D'3 indicating that dendrimers are compact, space filling
~homogeneous! structures. The Monte Carlo simulations of
Lue24 on dendrimers under good solvent conditions yield
values betweenn'0.67 (D'1.49) and 0.60 (D'1.67) de-
pending on the size of the beads from which the dendrimers
are build. A fractalityD.3 would indicate that the mass
added by a new generation is predominately located in the
periphery as assumed by the theory of de Gennes and
Hervet.51 Below a critical generation de Gennes and Hervet51

obtainRg}Mw
0.20(D55), which is close to the exponent of

n50.25 (D54) as expected for a perfect Cayley tree de-
rived by Zimm and Stockmeyer.54 Above the critical genera-
tion, the radius of gyration scales with the molecular weight
with D53 as expected for compact, homogeneous objects.
Computer simulations of Wallaceet al.18 ~MC, g51 – 5) as
well as of Lescanec and Muthukumar20 yield Rg

}P0.5Mw
0.22(D54.54). Surprisingly, density profiles ob-

tained by Lescanec and Muthukumar20 are clearly monotoni-
cally decreasing towards the periphery. Unfortunately, Wal-
laceet al.18 do not show any results on the density profiles.
Monte Carlo simulations of Mansfield13 show a variation of
the fractality fromD51.64 to 2.79 as the dendrimer genera-

TABLE II. Percentage of all segments and terminal units located in the ‘‘interior’’ of the dendrimers if the
interior is defined byne(r )/n(r )<0.5, 0.6, 0.7, and 0.8, respectively.

g

ne(r )/n(r )>0.5 ne(r )/n(r )>0.6 ne(r )/n(r )>0.7 ne(r )/n(r )>0.8

r /Rg

N
~%!

Ne

~%! r /Rg

N
~%!

Ne

~%! r /Rg

N
~%!

Ne

~%! r /Rg

N
~%!

Ne

~%!

1 0.97 71 56 1.08 81 66 1.20 87 77 1.31 91 86
2 0.96 69 53 1.10 83 69 1.24 89 79 1.37 94 89
3 0.98 69 54 1.13 82 72 1.27 91 83 1.40 96 92
4 1.01 70 56 1.16 84 75 1.29 92 87 1.41 97 96
5 1.05 72 60 1.19 87 79 1.30 93 88 1.40 98 96
6 1.07 74 63 1.19 87 79 1.28 93 88 1.36 98 95
7 1.10 75 65 1.20 86 78 1.28 95 90 1.35 97 94
8 1.09 75 62 1.15 83 72 1.20 90 83 1.27 95 91
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tion is increased fromg51 to 8. The dendrimers become
more compact with increasing generation but the resultD
,3 suggests somewhat looser structures than solid spheres
(D53). Mallamaceet al.3 (g51 – 8) report results from
scattering experiment on PAMAM dendrimers and molecular
dynamics simulations. For low-generation dendrimers they
observe a fractal dimension of aboutD'2.460.4, which is
in the same range as the values obtained by Mansfield.13

However, for high-generation dendrimers they obtainD
'4.860.4, which would be in accordance with the scaling
behavior found by Wallaceet al.18 and Lescanec and
Muthukumar.20 Hydrodynamic radii obtained for PAMAM
dendrimers from dynamic light scattering experiments by
Stechemesser and Eimer55 (g52 – 10) do not show a clear
scaling behavior of the dendrimer dimension with the overall
molecular weight. This finding is in~qualitative! agreement
with the results of Mansfield,13 Chen and Cui,25 Sheng
et al.29 (g51 – 7) and Carl56 (g52 – 8) obtained from
Monte Carlo simulations.

From a generalized Flory approach~using self-consistent
free energy minimization! Shenget al.29 obtain for the radius
of gyration

Rg}H N1/5~g11!2/5P2/5 for good solvent

~g11!1/2P1/2 for u solvent

N1/3 for bad solvent

, ~13!

whereN andP are the total number of segments in the den-
drimer andP the number of segments between the branching
points~here starburst dendrimerP51), respectively. The au-
thors confirm their theory using results from Monte Carlo
simulations. Only for collapsed structures in bad solvent
scaling withN as expected for a homogeneous, compact ob-
ject is found. The Gaussian size of a dendrimer is of the
order of the size of a linear strand of (g11)3P
monomers.29,47 The scaling relation found for good solvent
describes very well the theoretical results obtained by Ganaz-
zoli et al.57 (g50 – 6) for high generations and is identical to
the results of Boris and Rubinstein47 derived from their Flory
approach. The analytical formulas derived by Boris and
Rubinstein,47 La Ferla48 ~special casem52, f 53, P51),
and Carl56 ~special casem5 f 21) for the radius of gyration
of a Gaussian dendrimer reduce to Eq.~13! for u conditions
in the limit mg11@1 andP@1. Zook and Pickett52 obtain in
the framework of their self-consistent field approachRg

}N1/5P2/5 under excluded volume conditions.
On the basis of their Monte Carlo simulation results

Chen and Cui25 suggested for largeg a generalized relation
for the radius of gyration in terms of the Flory exponenty

Rg}N~2n21!@~g11!P#~12n!. ~14!

Equation~14! reduces to Eq.~13! with y53/5 and 1/2 for
good andu solvent, respectively. On the basis of Monte
Carlo simulations and simulations using the Gaussian self-
consistent method, Timoshenkoet al.17 propose for the den-
drimer radius of gyration a relation involving two exponents:
Rg}P(n2y8)Ny8, where n8'n'1/3 for bad solvent condi-

tions andn8'n21/4'0.338 calculated withn50.588, the
Flory exponent for good solvent conditions obtained from
perturbation calculations.58

First we would like to discuss the results obtained for the
simulated dendrimers. In the simulated system the mass is
given by the total number of beads in the given structure and
the size can be characterized by the radius of gyration or by
the mean distance of free ends from the dendrimer center.
Figure 6 shows dependencies of the radii of gyration and the
center-to-end-bead distances versus the total number of
beads for dendrimers with generationsg50 – 8; data are
summarized in Table I. For comparison the dependencies of
the radii of gyration for flexible linear chains and for lattice
spheres~dense packed beads on the lattice! are presented in
the top part of Fig. 6. The simulated systems were modeled
to represent good solvent conditions. The characteristic scal-

FIG. 6. Dendrimer dimensions as a function of the overall segment number
for dendrimers of generationg50 – 8 in double-logarithmic presentation.
Top: Radii of gyration~full squares! and center-to-end-bead distance~full
circles! are presented. For comparison the dependency for simulated linear
chains~full triangles down! and lattice spheres~full triangle up! are also
shown. The dash-dotted line marks the power-law dependenceR}N0.22.
Middle: Comparison of the radii of gyration obtained from the SAXS data
by IFT and Guinier analysis~open squares! and calculated from the sphere
radii obtained from the model fit~open triangles!. The solid line marks the
dependenceR}N1/3 expected for solid, three-dimensional objects with gen-
eration independent density. Bottom: Comparison of the radii of gyration
obtained from simulation~solid squares! and from the SAXS data by IFT
and Guinier analysis~open squares!. Solid lines show results of a fit using
Eqs.~14! and ~15!.
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ing of the linear chain dimensions,Rg}Nn with n50.6, is
well reproduced. The corresponding scaling for compact lat-
tice spheres is well described by the exponentn51/3. The
comparison between results obtained for dendrimers, linear
chains, and lattice spheres show that the dimensions of den-
drimers are always between the extremes described by the
loosely packed linear chains and compact spheres. Dendrim-
ers of small generations have dimensions closer to those of
linear chains. Increasing the generation makes them much
more compact with dimensions closer to those of compact
spheres. It can be noticed from the top part of Fig. 6 that the
g58 dendrimer has almost the size of a compact lattice
sphere. This is in agreement with the experimental and simu-
lated results for the density profiles where densities close to
one were obtained in the center of the dendrimer~see Sec.
III B !.

Let us now turn to the experimental results. In the
middle part of Fig. 6, the radii of gyration determined from
the scattering data via IFT (g>3) or Guinier analysis
(g,3) are plotted as a function of the total number of mono-
mers; values are summarized in Table I. The radii of gyration
Rg

s5A3/5Rs of the analogous, homogeneous spheres with
the same mass and the same density in the center region as
the real dendrimers where calculated from theRs determined
from the model fit of the scattering spectra@see Eq.~7! and
in Ref. 10 the insert of Fig. 5# and are also included in the
middle part of Fig. 6. Despite~small! deviations due to
changes in the dendrimer core densities,Rg

s follows very
well the expected 1/3-power-law behavior for generationsg
>3. The density changes of about 30% are suppressed com-
pared to the exponential growth of the mass with generation.
As for the simulated system the dendrimer radius of gyration
is always larger than the radii of the analogous, homoge-
neous spheres, but the values nearly approach each other for
the g58 dendrimer.

Finally, the bottom part of Fig. 6 shows a comparison
between the radii of gyration obtained for the simulated den-
drimers and for the real system. The simulated data are
shifted in such a way that the radius of gyration of the simu-
latedg58 dendrimer equals the corresponding experimental
value. Forg58 deviation due to the different core structures
should be minor. Except for deviations for the lowest gen-
erations which can be attributed to the different core struc-
tures very good agreement between simulation and experi-
ment is obtained. Obviously, no scaling ofRg with the total
number of segmentsN is found.

These findings are in~qualitative! agreements with the
computer simulations of Mansfield,13 Chen and Cui,25 Sheng
et al.,29 and Carl56 and the experimental results of
Stechemeier and Eimer55 but not in accordance with the con-
clusion drawn by the majority of authors5,6,12,15–18,20,21,23,24,26

who discussed their results in terms of simple power-law
dependence onN. However, various theoretical approaches
~except Zook and Pickett52! have shown that the radius of
gyration should not follow a simple power-law dependence
on N, neither for a Gaussian dendrimer29,47,48,56nor under
good solvent conditions.29,57

The solid lines in the bottom part of Fig. 6 show results
of a fit with Eq. ~14! suggested by Chen and Cui25 in terms

of the Flory exponentn. The generationg can be expressed
by the total number of segmentsN

N5P f
mg21

m21
1Nc⇔g5

1

ln@m#
lnF ~N2Nc!~m21!

P f
11G ,

~15!

whereP51 is the number of spacer units,m52 and f 54
are the functionalities of the branching units and the core,
respectively.Nc denotes the number of segments in the core
which is equal to 4 for the simulated or equal to 1 for the real
system. For the Flory exponent, we obtain within the error
bars identical valuesn50.58560.002 for the simulated and
the real dendrimers. The value is very close to the Flory
exponent n50.588 for good solvent conditions obtained
from perturbation calculations for the excluded volume
effect.58 However, the fact that the radius of gyration does
not scale with the molecular weight indicates that dendrimers
do not grow by adding a new generation in a self-similar
manner. Interestingly, for generationsg>3 the center-to-
end-bead distance included in the top part of Fig. 6 can be
well described by a power law:Re}N0.22. The center-to-end-
bead distance should be considered as being very similar to
the radius of gyration of the end groups. It is surprising that
the exponent of 0.22 found in the simulations of Lescanec
and Muthukumar20 for the power-law dependency of the ra-
dii of gyration of the overall dendrimers describes the depen-
dency ofRe very well.

E. Pair-correlation function and internal fractal
structure of dendrimers

Now we would like to turn to the question whether or
whether not the internal structure of dendrimers is fractal, as
implied by their architecture. Power-law behavior of the pair
correlation functiong(r ) can be taken as an indication for a
fractal substructure. In Fig. 7 the pair correlation functions
g(r ) obtained by IFT from the scattering data~bottom! and
directly determined@see Eq.~9!# for the simulated systems
~top! are shown as a function of the intersegment distance
normalized to the radii of gyration of theg58 dendrimers in
a double-logarithmic presentation. The solid lines represent
fits of the initial decay tog(r )}r 2(32D), whereD is attrib-
uted to the fractal dimensions. For a comparison to previous
results obtained by Mansfield13 from Monte Carlo simula-
tions, the generation dependent values are summarized in
Table III. D increases monotonically with generation from a
value close toD55/3'1.67 as expected for a linear chain
under good solvent conditions up to a valueD'2.78 close
but lower than 3 as expected for compact, space filling ob-
jects. The agreement between Mansfield’s results and our
simulation results is very good. The experimental findings
show a weaker generation dependence with systematically
lower values forD for g.3. Even though the general trend
of the results fits very well into the picture of dendrimers
changing from a looser, polymericlike conformation to a
more globular, compact shape with increasing generation, the
results of this analysis should not be overstressed. Since the
size of dendrimers is fairly small, the range where theg(r )
can be described by power laws is rather limited.
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IV. CONCLUSIONS

We investigated the shape and the internal structure of
starburst dendrimers in dilute solution using SAXS and com-
puter simulation experiments. We compared various quanti-
ties characterizing the structure, such as the form factor~in-
trinsically measured by SAXS!, the pair correlation
functions, the radial density profiles~intrinsically determined
by the simulation!, and the dendrimer dimensions. Very good
agreement between the simulated and real dendrimers has
been observed. The good agreement can be regarded as an

indication that the simulation considers properly the stron-
gest interactions controlling the structure, i.e., the excluded
volume interaction and the intramolecular~covalent! bond-
ing leading to the specific architecture.

For the interpretation of the scattering data, a model has
been formulated which describes the form factor for all den-
drimer generations consistently by taking into account the
scattering due to internal concentration fluctuations and from
the overall shape of the dendrimers. We have shown that the
IFT and SQDEC methods are powerful tools to obtain de-
tailed information about the structure of dendrimers in real
space from the scattering spectra and provide a valuable
crosscheck for data modeling. All characteristic features,
such as the development of higher order maxima with in-
creasing generation as well as the power-law scattering stem-
ming from the internal density fluctuations are represented in
the spectra of the simulated dendrimers.

The segment density profiles obtained from the scatter-
ing data and from the computer simulation clearly show a
homogeneous segment density in the center region. For high-
generation dendrimers, the profiles show rather pronounced
plateaus in the center and decay monotonically to zero in a
rather narrow surface region. For low-generation dendrimers
the plateaus become more narrow~experiment! or disappear
~simulation! and the final decay towards the dendrimer pe-
riphery becomes more gradual. The simulation shows a very
narrow density hole at the dendrimer center of mass, which
is at the resolution limitDr'0.3 nm of the scattering experi-
ment.

The computer simulation provides additional informa-
tion about the location of the terminal units. Despite a small
depletion zone at the dendrimer center, terminal units can be
found all over the dendrimer interior. We observe enhanced
back-folding towards the dendrimer center for dendrimers
with generationsg>5. If the surface region is defined by the
condition that the percentage of terminal units has to exceed
ne(r )/n(r )>0.7 only 10% to 17% of the terminal units are
located at the dendrimer surface. However, if we define the
surface by the onset of the decay of the density profile atr
'Rg for high-generation dendrimers, still about 50% of the
end groups are located in the dendrimer interior.

No power scaling of the dendrimer radii of gyration with
the total number of monomers has been found. In fact the
dependency can be well described for all generations by the
relation Rg}N(2n21)g(12n) suggested by Chen and Cui25

with n50.588, the Flory exponent for good solvent condi-
tions obtained from perturbation calculations for the ex-
cluded volume effect.58 Hence, we would like to conclude
that dendrimers do not grow in a self-similar manner when a
new generation is added. The dendrimer dimensions change
from being closer to those of analogous linear chains for
low-generation dendrimers to being closer to those of homo-
geneous spheres for high generations. In contrast to the be-
havior of the radii of gyration of the overall dendrimers, the
mean center-to-end-bead distances follow rather well a scal-
ing relation close toRe}N0.22 for generationsg>3.

Following the evaluation of Mansfield13 we fitted the
initial decay of the pair correlation functions by a power-law
decayg(r )}r 2(32D), whereD can be assigned to the fractal

FIG. 7. Double-logarithmic presentation of the pair correlation function
g(r )5p(r )/r 2 as a function of the segment distance normalized to the ra-
dius of gyration of the simulated and realg58 dendrimer, respectively. The
top part shows the simulation result for dendrimers of generationg51 – 8
and in the bottom part the results obtained by IFT from the SAXS spectra
are shown forg52 – 8. Solid lines show results of a fit of the initial decay
usingg(r )}r 2(32D).

TABLE III. Generation dependent fractalitiesDsim andDexp of the dendrim-
ers obtained from a power-law fitg(r )}r 2(32D) to the simulated and ex-
perimentally determined pair correlation functionsg(r ), respectively. For
comparison simulation results,D ref of Mansfield~Ref. 13! are also shown.

g Dexp Dsim D ref

0 0.7 60.2 0.94
1 1.4 60.1 1.64
2 1.84 60.01 1.8360.06 1.99
3 2.00060.004 2.1160.04 2.22
4 2.11560.004 2.3260.03 2.39
5 2.20160.005 2.4860.03 2.51
6 2.35160.004 2.6060.02 2.61
7 2.44360.004 2.7160.01 2.71
8 2.51560.003 2.7860.01 2.79
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dimension of the internal dendrimer structure. In agreement
with Mansfield’s results the fractal dimension is found to
vary between approximatelyD55/3'1.67 as expected for
linear chains under good solvent conditions and values close
but smaller than 3 as expected for compact objects. However,
due to the small dimension of dendrimers the range of length
scales whereg(r ) can be described by a power-law decay is
very limited. Even though dendrimers exhibit a fractal topol-
ogy ~architecture!, the arrangement in space is not fractal-
like and therefore not really manifested in the spatial corre-
lations and size developments.

Finally, we would like to address the question whether
our results have a universal character or not. From
simulations53 and experiments40 on different branching to-
pologies we consider our results as general for rather flex-
ible, star-burst dendrimers. For different core functionalities
a shift in generation but no significant change of the results is
observed. However, longer spacer between the branching
point lead to much looser~starlike! structures with substan-
tially reduced polymer densities in the center. In dendrimers,
built from more bulky monomeric units25 and/or with more
bulky end groups,26,27 back-folding might be suppressed
leading to ~significant! changes in the mass distributions
~cavities! and size developments with increasing generation.
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