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We measured the shape and the internal dynamics of starlike dendrimers under good solvent
conditions with small-angle neutron scattering and neutron spin-echo (NSE) spectroscopy,
respectively. Architectural parameters such as the spacer length and generation were varied in a
systematic manner. Structural changes occurring in the dendrimers as a function of these parameters
are discussed, i.e., in terms of the fractal dimension and deviations of the radius of gyration from the
Gaussian value. A first cumulant evaluation of the NSE spectra for each scattering vector g
separately yields the length scale dependent relaxation rates. We observe a local minimum in the
normalized relaxation rates (2(q)/¢> on length scales corresponding to the overall dendrimer
dimension. The dynamics is discussed within a Rouse-Zimm approach generalized to the case of
starlike dendrimers of arbitrary geometry. The model allows an identification of the modes
contributing to the relaxation of the dendrimer in the g and time range of the NSE experiment. The
local minimum is due to collective breathing motions of (parts of) the dendrons relative to each

other. Shape fluctuations are not observed. © 2006 American Institute of Physics.

[DOLI: 10.1063/1.2364895]

I. INTRODUCTION

Dendrimers, first synthesized by Vogtle and coworkers,'
are highly branched macromolecules with a regular, treelike
architecture. Starting from a multifunctional core multifunc-
tional monomers are added in a stepwise synthesis resulting
in controlled branching.2 Each synthesis step adds a new
generation and leads to a multiplication of the number of
monomers constituting the dendrimers. In so-called starburst
dendrimers, only multifunctional units are added and branch-
ing occurs in single monomeric steps. In starlike dendrimers
linear spacers are added between the branching units. The
dendrimer topology is defined by architectural parameters,
which include the generation number g, the core and branch-
ing unit functionalities, f and m, respectively, and the num-
ber of monomers between the branching units n. For our
particular system f=6, m=2, n=5, 10, 15, 20, and g=0, 1, 2.
A schematic representation of a starlike dendrimer is shown
in Fig. 1.

Possible applications of dendrimers are directly related
to the peculiarities of the dendrimer architecture: these in-
clude a large number of (functional) terminal units, possible
voids in the dendrimer interior, regular centrosymmetric
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branching, and a rather compact, globular shape, in particu-
lar, in the case of high generation dendrimers. Applications
can be found in biology and medicine such as the use as
host-guest systems for controlled drug release applications,
in virus inhabitation, as gene transfer agents, or nuclear mag-
netic resonance (NMR) contrast agents, but they also can be
used as catalysts for surface modification and manipulation
or photochemical and optical applications such as light har-
vesting. For a comprehensive overview see Ref. 3 and refer-
ences therein.

Their high application potential and the special features
of the dendrimer architecture initiated a large number of ex-
perimental studif:s,épll computer simulations,lof23 as well as
theoretical investigationslz’16’24728 addressing the structural
properties of dendrimers. A more comprehensive overview is
given in Refs. 10 and 12. Even though the above mentioned
applications are not only determined by the dendrimer struc-
ture but also by their dynamical properties, much less atten-
tion has been drawn to the flexibility, i.e., internal dynamics
of dendrimers. Experimental studies on the internal dynam-
ics in solutions include predominantly NMR investiga-
tions”* and some experiments using neutron spin-echo
(NSE) spectroscopy.s’g The latter are summarized in more
detail below. There are also a few computer simula-
tions'®'7*7 and theoretical studies®**75*! addressing this
topic.

© 2006 American Institute of Physics
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FIG. 1. Sketch of the g2n5f6 starlike dendrimer.

Due to the high branching densities the segment densi-
ties in the dendrimer interior can become rather high, almost
liquidlike for high generation dendrimers. Thus, on one side
dendrimers will exhibit some sort of colloidal character, re-
flected, for example, in their well-defined compact shape, on
the other side dendrimers are polymeric entities with a loose
substructure which should allow some flexibility.

In previous measurements on starburst poly(amido
amine) (PAMAM) dendrimers in dilute solutions with NSE
spectroscopy, only center-of-mass (c.m.) diffusion of homo-
geneous spheres was detected.® On the length scales covered
by NSE spectroscopy the experiment should be sensitive to
the internal dynamics which turns out to be too slow com-
pared to the c.m. diffusion to be resolved. These findings are
a consequence of the well-defined globular shape of the star-
burst dendrimers exhibiting very high polymer concentra-
tions in the interior. Stark ef al.’ conducted NSE experiments
on carbosilane dendrimers with perfluorinated end groups.
The authors observed an extrafast relaxation process leading
to deviations from translational diffusive behavior and inter-
preted their results in terms of shape fluctuations, i.e., relax-
ation of ripples on the dendrimer surface. Due to the incom-
patibility between the end groups and the dendrimer interior,
the end groups form a rather compact surface layer. The
interpretation of the extrafast relaxation process in terms of
form fluctuations implies not only a well-defined incom-
pressible surface but also a low viscosity liquidlike interior
and it cannot be excluded that it is due to internal density
fluctuations rather than due to shape fluctuations. The experi-
mental results on the dynamics of dendrimers reported so far
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reflect the compact shape that means the colloid-like charac-
ter of dendrimers rather than their loose, polymeric nature.
Previous studies by Richter and co-workers**™** on high-
functionality star polymers, another class of highly branched,
compact polymers, with NSE spectroscopy revealed a differ-
ent dynamic behavior. On large length scales NSE spectros-
copy resolves c.m. diffusion but on local length scales high-
functionality star polymers undergo internal Zimm
dynamics. On intermediate length scales of the order of the
dendrimer dimension the internal dynamics is slowed down
compared to the Zimm dynamics due to breathing motions
where the arms in the star polymer collectively are moving
against each other. These dynamic peculiarities are reflected
in the dependence of the relaxation rates {)(q) on the scat-
tering vector g. (g) can be obtained by a first cumulant
evaluation of the NSE relaxation spectra. The collective,
breathing motions lead to a local minimum of Q(q)/q> at ¢
values corresponding to the length scales of the overall di-
mension of the star polymers. At high ¢ values Q(q)/q> en-
ters a plateau as expected for internal Zimm relaxation on
local length scales for which (g) <4 is expected. The up-
turn at small ¢ values is due to the characteristic Q(g) > g>
dependence of free translational c.m. diffusion. In this
paper we report our results on the dynamic behavior of
poly(g-caprolactone) dendrimers in dilute solutions mea-
sured with NSE spectroscopy. The experiment is sensitive to
the internal dynamics and we observe similar dynamic be-
havior as found by Richter and co-workers**™* for high-
functionality star polymers. Shape fluctuations are not a rel-
evant relaxation mechanism for the starlike dendrimers. We
discuss differences between the dynamics of the starlike and
starburst dendrimers in terms of the differences in the shape
of both types of dendritic structures. Whereas starburst den-
drimers are surface fractals with a rather compact shape,8
starlike dendrimers are mass fractals with a more extended
density profile and lower polymer concentrations in the den-
drimer interior.*> As in the case of the high-functionality star
polymers, collective breathing motions of (parts of) the den-
drons in the dendrimers lead to a slowing down of the inter-
nal dynamics on length scales corresponding to the den-
drimer dimension. However, due to the fact that the
dendrimer topology is more complex compared to the archi-
tecture of the star polymers, the spectrum of eigenmodes
contributing to the structural relaxation is also more complex
and involves more extensive theoretical considerations.
Theoretical studies on the internal dynamics of dendrim-
ers include theories in the framework of the Rouse model**
as well as in the Rouse-Zimm model under consideration of
hydrodynamic interactions, both with®™* and without*”**!
excluded volume interaction, respectively. We followed the
formalism of the Rouse-Zimm model of Cai and Chen*' for
the special case of starburst dendrimers with f=3 and m=2
and generalized the theory to the case of starlike dendrimers
with arbitrary architecture, i.e., arbitrary f, m, and n. In this
way we obtain information about the spectrum and the physi-
cal nature of the eigenmodes contributing to the structural
relaxation of the dendrimers. In particular, we are able to
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assign which normal modes give a significant contribution to
the relaxation of the dynamic structure factor on length and
time scales of the NSE experiment.

In summary, the focus of our paper is to obtain a descrip-
tive insight into the relaxation mechanism of dendrimers and
how their internal dynamics is related to their structural
properties.

Il. THEORY
A. Rouse-Zimm dynamics

Assuming Gaussian distribution for the time dependent
interbead distances the intermediate structure factor for di-
lute solutions of identical scatterers can be written in terms
of the coordinates of the scattering units r; as

Ny 2
S(q.0)=N>2>, exp(— %(Ir,-(t) —r,(0)|2>>, (1)
ij=1
where g denotes the norm of the scattering vector and ¢ the
time. As sketched in Fig. 1 the macromolecule is described
as an assembly of N, interconnected beads numbered from 1
to N, having identical translational friction coefficients. The
beads are connected by N,—1 bonds of mean square length
I2. The topology of the starlike dendrimers is determined by
the architectural parameters, which include the functional-
ities of the core and branching units, f and m, respectively,
the generation number g, and the number of segments n be-
tween the branching units. To obtain the evolution of the
bead coordinates r; with time ¢ the equation of motions for
this coupled N, particle system has to be formulated. In the
Rouse-Zimm approximation the Langevin equation reads

Nl
0+ S (AL (0 = HEO), @)
t L

where ( is the monomeric friction coefficient. The surround-
ing, described as heat bath, acts on the test chain solely via
the stochastic forces f;(r). Intramolecular interactions be-
tween neighboring monomers (beads) due to restoring forces
originating from the entropy elasticity of polymers are taken
into account by a harmonic potential of strength o=3k,TI2,
where kz denotes the Boltzmann constant and T is the tem-
perature. The symmetric force-constant matrix A of order N,
takes into account the topological connectivity of the chain
and the equilibrium bond-bond correlations. The construc-
tion of the connectivity matrix follows the procedure de-
scribed in Ref. 41 and is described in the Appendix for star-
like dendrimers with arbitrary architectrure.
The mobility matrix H is given by

Hij=kBT|:(1_5ij)Tij+%zl:|’ (3)

where the so-called Oseen tensor,

1
Tl"z +
/ 8777]|rij (= ri2j

) with i # j, (4)

accounts for nonlocalized interactions between monomers
(beads) arising from long-ranged hydrodynamic interactions
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due to the flow field created in the fluid by the movements of
all beads. Here, 7 is the solvent viscosity, r;;=r;—r; and ®
denotes the outer product. In the Rouse-Zimm model, H
(matrix of order N,) is replaced by its average using the
equilibrium conformational distribution function yielding

(Si' gr —
(H;;) = kgT _gl + zl<rij1>(l =) |- (5)
The reduced friction coefficient,
4
=— 6
g p— (6)

is a measure of the hydrodynamic interactions representing
the effective bead hydrodynamic radius in units of the bond
length. Assuming Gaussian equilibrium distribution for the
mean square interbead distances (ri>=(|r,-—rj|2), (ri_jl) can be
written as A '

6
7T<7‘12]>
Decoupling of the equations of motion, given in Eq. (2), is

achieved by transforming the Cartesian bead coordinates r;
to normal coordinates x ,,

(7)

<ri_jl> =(ri-r|"h=

Ny
ri= 2 Qiaxcw (8)
a=1

using the matrix Q of eigenvectors Q;, of the matrix [HA]
which can be obtained by solving the eigenvalue problem

[HA]Q=QA WlthA:{é;a)\a} (9)

The matrix of eigenvalues A contains N, eigenvalues \,
comprising an eigenvalue equal to zero corresponding to the
c.m. diffusion and N,—1 eigenvalues related to normal modes
describing internal relaxations with relaxation rates 7,
=(\,0/%)7". The decoupled transformed equation of motion
is

L))+ 50 =1 (10)

Since the forces f , are uncorrelated, the time correlation
functions of the normal coordinates can be written as

(D2 5(0)) = 8,5 (Oexpl— 7).
(Lxot) = xo(0)]) = voé'ziNTtt, (1)

where (x2(0))=/?u;'. The elements u, and v, of the diago-
nal matrices M={6,pu,} and N={4,sv,} are the solutions of
the equations

M=Q"-A-Q and N=Q"' -H-Q7'7, (12)

respectively. Transformation into Cartesian coordinates with
Eq. (8) yields
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Nt
(ri(0) =Py =P (QF,+ Q7 ) 17
a=2

Nt
—28 2 Q10Qjutty exp(-17,)
a=2
NT
2 2 -1 -1
=(ryj +21 % QicQjate [1 —exp(=17,)],

(13)

where the mean square interbead distances can also be ex-
pressed in terms of the eigenvalues x‘; and eigenvectors Qg
of A, i.e., in the free-draining limit,

NT
<"121> = ni_jlz = 122 (Qin— Qja)zlfv;l
a=2

N,

_rY (@0 - Q20N (14)
a=2

Here, n;; is the number of segments in the shortest path be-
tween two segments i and j. Insertion of Egs. (13) and (14)
into Eq. (1) yields the final result for the intermediate struc-
ture factor S(g,1). For =0,

N, >
P(g)=N>2 exp(— %<r%j>), (15)

ij=1

the form factor P(g) is obtained. The first cumulant, deter-
mined from the initial logarithmic decay of the intermediate
scattering function,

d
Qg)=- & In[S(g.1)],=0, (16)

can be expressed in terms of the mobility matrix as follows:

N, N,
> 2 ((gH yq)expligr;))

i=1 j=1
T . (17)

E E <eXP(iqrij)>

i=1 j=1

O(q) =

Taking the average, first over all orientations and subse-
quently over all scalar interbead distances r;; with a Gaussian
distance distribution, yields

2
Q(q)zq_’ﬂll 4

P@ ¢ | " smyn
N[ Nt

Xzz(l—@j)lm—j')y(u,;;)], (18)
i=1 j=1

. 2
with u;;=q (r,-j)/6 and
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% exp(— uizj) with preaveraging
-3 -1 o [
(ul-j +2u;; Jexp(— uij)J()

y(u;) = exp(£?)dt — ui_j2

without preaveraging,
(19)

where for the calculation either the preaveraged [as given by
Eq. (5) and used in the Rouse-Zimm model] or nonpreaver-
aged version of the mobility matrix given by Egs. (3) and
(4), respectively has been used. For good solvent conditions,
(ri) given in Eq. (14) has to be replaced by (rl-2j>=ni2j”l2 where
the Flory exponent v equals 3/5.

Once the segment length / is determined from a fit of the
static scattering spectra using Eq. (15), the monomeric fric-
tion coefficient ¢ or the reduced friction coefficient £, [see
Eq. (6)] as a measure of the strength of the hydrodynamic
interactions, respectively, is the only adjustable parameter in
the determination of the first cumulant or the intermediate
structure factor.

To emphasize the contribution of modes belonging to the
same eigenvalue to the relaxation of the intermediate struc-
ture factor in a certain ¢ range, the quantity

N, )
- 4q
Raassld) =N;?P(g) 2 exp[— g(<r?,> +2P

i,j=1
X Q,»QQ,,»QM;I> ] (20)

can be plotted as a function of the scattering vector. R, ,,.(¢)
gives the maximal contribution of all modes belonging to the
same eigenvalue A\, with degeneracy & to the decay of
S(g,1), i.e., in the limit of long times (r— ) in case all other
modes are frozen in #=0.

lll. EXPERIMENTS
A. Samples

The starlike dendrimers, based on aliphatic polyesters,
were synthesized by a divergent growth approach. A
hexahydroxyl-functional ~ 2.2-bis(hydroxylmethyl)propionic
acid (bis-MPA) derivate was used as initiator for the
stannous-2-ethylhexanoate catalyzed living ring opening po-
lymerization of linear poly(e-caprolactone). Higher genera-
tions were obtained by functionalization of the so-obtained
macroinitiators with protected bis-MPA, and subsequent
deprotection and growth of linear poly(e-caprolactone).
More details of the synthesis of the dendrimers are discussed
in Ref. 46. In this way starlike dendrimers were obtained
with core and branching functionalities being f=6 and
m=2, respectively.

The generation number was varied between g=0 and g
=2, where g=0 denotes the six arm star polymer. The lengths
of the linear poly(e-caprolactone) spacers between the
branching units were n=5, 10, 15, and 20, respectively.
Throughout the paper we will use g”’X”’n”X”f’X” as
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sample identifier, where the generation, spacer length, and
core functionality are always given in this order. A sketch of
the structure is given in Fig. 1.

B. Small-angle neutron scattering

The small angle neutron scattering (SANS) experiments
were performed on the NG3 30 m SANS instrument at the
NIST Center for Neutron Research of the National Institute
of Standards and Technology (NIST), Gaithersburg, MD. At
a wavelength of A\y=0.6 nm with a bandwidth of AN/\,
=0.15 the covered range of scattering vectors was
0.55 nm~'<g=<2 nm™' using two detector distances d=2
and 10 m. The source to sample aperture distance was set to
11.6 m. As sample containers we used sealed, round Hellma
quartz cuvettes with a path length of 2 mm. All experiments
were performed at a temperature of 7=(20+0.1) °C using a
circulating fluid bath thermostat. The two-dimensional data
were corrected via standard procedures for absorption, detec-
tor sensitivity, and background stemming from the deuterated
toluene and empty cuvette and are converted to absolute in-
tensities using a secondary standard. In a subsequent step the
corrected data were radial averaged. Experimental g resolu-
tion effects,

Agpwim = [(GANNG) + (A2 7/Ng) ]2, (21)

with an angular resolution of A#=4.322X 1073 rad, were
considered in the fitting routines for data evaluation using the
formula suggested by Pedersen”’ for the experimental g reso-
lution of a SANS instrument. Samples with concentrations
between 1% and 0.25% in deuterated toluene have been
measured. For g values lower than 0.1 nm~!, the small influ-
ence of the structure factor due to interdendrimer interactions
was corrected by Zimm extrapolation to zero concentration.
To ensure an as best as possible background correction high-
q data shown are taken from data sets obtained for samples
with polymer concentrations of 1%.

C. Neutron spin-echo experiments

The meutron spin-echo (NSE) experiments were carried
out at the NSE spectrometer at the DIDO reactor of the For-
schungszentrum Jiilich GmbH, lJiilich, Germany. With five
settings (¢=0.5,0.8,1.0,1.4 nm™") of the area detector a g
range from 0.26 up to 1.8 nm™! was covered. The spectrom-
eter was operated at an incident neutron wavelength of
0.8 nm with a bandwidth of AN/N\;=0.10. With an angular
resolution of A9=9.3 X 1073 rad, the q resolution calculated
from Eq. (21) varied between 0.1 and 0.2 nm~! with ¢. With
14 Fourier time settings a time range between 0.1 and 22 ns
was covered. As sample containers we used customized,
sealed, rectangular Hellma quartz cuvettes with a path length
of 4 mm. The reduction of the multidetector data to
S(g,1)/8(q,0) was done following the procedures described
in Ref. 48. Experimental resolution was measured using Car-
bopack B purchased from Supelco, Inc. as fully elastic scat-
terer. For background correction, the deuterated solvent was
measured over the full time range and subtracted from the
sample signal with proper weighting factors. To obtain suf-
ficient signal, measurements were performed on deuterated
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FIG. 2. SANS spectra of starlike dendrimers having different generation
numbers g=0, 1, and 2 but same spacer monomer number of n=20. The
spectrum obtained for a high-functionality star polymer gOn25f24 is also
included. The solid lines show the results of a fit using Eq. (15).

toluene solutions containing 5 wt % polymer. Corrections ef-
fects arising from interdendrimer interactions are performed
as described in Ref. 8.

IV. RESULTS AND DISCUSSION

In Figs. 2 and 3 the form factors obtained for the starlike
dendrimers in dilute toluene solutions are shown in a Kratky
presentation generalized for good solvent conditions. Figure
2 presents the spectra as a function of the dendrimer genera-
tion g=0-2 for fixed spacer length n=20 and in Fig. 3 the
spectra for different spacer lengths n=5, 10, 15, and 20 but
fixed generation g=2 are shown. The scattering spectrum
obtained for a high-functionality star polymer g0n25f24 is
also included in Fig. 2. The peak of the SANS spectra in the
Kratky presentation becomes more pronounced with increas-
ing dendrimer generation as well as with increasing spacer
length. A more pronounced peak in the Kratky presentation

T I— T T T T T T T I T
1.6 4 E
] g2n"X"f6 ]
1.4 o X=20 .
e} 15 1
A 10 _
\

I(q)q®® [arb. units]

o
=)

FIG. 3. SANS spectra of the starlike g=2 dendrimers having different
spacer monomer numbers n=5, 10, 15, and 20. The solid lines show the
results of a fit using Eq. (15).
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TABLE 1. Structural properties of the starlike dendrimers and of the high-functionality star polymer and

homopolymer.
Rg R;}nuss A
Sample g n f (nm) (nm) (%) Dy
Variation of spacer length

82n5f6 2 5 6 6.39+0.07 3.98 51 1.91+0.01
82n10f6 2 10 6 7.75+0.09 5.30 46 2.10+0.02
g2n15f6 2 15 6 8.40+0.08 6.32 33 2.35+0.02
82n20f6 2 20 6 8.69+0.06 7.18 21 2.52+0.01

Variation of generation

g1n20£6 1 20 6 6.97+0.04 5.72 22 2.15+0.02

g0n20f6 0 20 6 4.94+0.08 4.00 23 1.64+0.01
Reference samples

g0n25£24 0 25 24 6.17+0.07 3.83 61 2.78+0.02
g0n144f1 0 144 1 5.39+0.06 5.39 0 1.68+0.02

indicates a more compact overall shape. Thus, we can con-
clude that the overall shape of the starlike dendrimers be-
comes more compact with increasing spacer length and in-
creasing generation but always stays less compact than that
of a high-functionality star polymer. The solid lines in Figs. 2
and 3 show the results of a simultaneous fit of all spectra
using Eq. (15) with (rizj):n?]-”l2 for good solvent conditions.
The only adjustable parametér of the fit is the segment length
| which was determined to be /=0.75+0.03 nm for the star-
like dendrimers and [=1.13+0.01 nm for the high-
functionality star polymer. In a single fit of the spectra the
segment length / varied only unsystematically within the er-
ror bars, thus, the segment length was set equal for all star-
like dendrimers. We obtain rather good agreement between
theory and experiment for the dendrimers having long spac-
ers (series g” X n20f6) and the high-functionality star poly-
mer. For the g2n” X” f6 series the agreement worsens with
decreasing spacer length. This observation is consistent with
the results obtained using the Beaucage model which was
discussed in a previous publication.45 The Beaucage model
parametrizes the form factor of a fractal object into two
contributions.* The first contribution, a Guinier function, de-
scribes the scattering at low g values and includes the radius
of gyration R, of the scattering object as an adjustable pa-
rameter. The second contribution, a power-law decay at high
q values, describes the scattering originating from the inter-
nal fractal structure of the particle. The exponent of this
power-law decay is inversely proportional to the fractality D,
of the substructure. The results for R, and Dy are summarized
in Table I for all samples and are presented in Figs. 3 and 4
of Ref. 45. As references, values are also given for the high-
functionality star polymer g0n25f24 and a homopolymer
g0n144f1. The radius of gyration of a Gaussian dendrimer
RE™ (as in Table I) were calculated using Eq. (5) given in
Ref. 45 and are included in Table I together with the devia-
tions from Gaussian behavior in terms of A=R,/RZ""~1. A
significantly increases with decreasing spacer length but is
independent of the generation for the dendrimers with long
spacers. In conclusion, an increasing generation does not
cause additional stretching of the dendrons. The gain in vol-
ume obviously compensates the increasing sterical crowding

in the outer shells. Reducing the spacer length reduces the
accessible volume with the result that the dendrons stretch
out for compensation. The fractality increases from the the-
oretical value expected for a free, linear chain under good
solvent conditions with increasing spacer length and genera-
tion but always stays smaller than that obtained for the high-
functionality star polymer. The fact that shorter spacers lead
to lower fractal dimensions can also be taken as indication
that the dendrons are stretched and a space filling arrange-
ment is prevented. Hence, the deviations in Fig. 3 between
the theoretical curves and the experimental spectra obtained
for the dendrimers with short spacers (n=>5 and 10) are most
likely due to discrepancies from Gaussian statistics which is
the presumption for the derivation of Eq. (15).

In Fig. 4 the neutron spin-echo spectra obtained for a
g2n10f6 dendrimer are shown covering a g range from g
=0.256 up to 1.300 nm~'. The dashed lines show a fit to the
relation
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FIG. 4. NSE spectra obtained for the g2n10f6 dendrimer for different ¢
values. From top to bottom: ¢=(0.256, 0.326, 0.410, 0.500,
0.562, 0.636, 0.706, 0.800, 0.856, 1.000, 1.112, 1.300) nm~!.  Dashed
lines show the results of a fit using Eq. (22).
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FIG. 5. Results from a first cumulant evaluation of the NSE spectra obtained
for the g2n10f6 dendrimer (open symbols) and a gOn144f1 homopolymer
(filled symbols). The first cumulant is normalized to the ¢° dependence
expected for internal Zimm dynamics. The solid line shows a result of a fit
using Egs. (18) and (19) without preaveraging. The dashed line marks the
average value for Q(q)/¢> obtained for the homopolymer omitting the value
for the smallest ¢ value.
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For a=~1354, Q(q)=2/7"T(1/3)*?Q, with Q.

=¢’k,T(675)~", where I is the Gamma function. This is the
stretched exponential decay of the intermediate structure fac-
tor expected for Zimm dynamics in the ()*(g)? range relevant
for NSE spectroscopy: 0<Q"(g)t< 6.”° To allow a compari-
son to the theoretical predictions we also performed a first
cumulant evaluation of the NSE spectra where the initial
decay of the dynamic structure factor is fitted by a simple
exponential decay. However, both the relaxation rates Q"(g)
obtained by application of Eq. (22) as well as the relaxation
rates ()(q) obtained from a first cumulant evaluation show
the same qualitative ¢ dependence. In Fig. 5, {(g), normal-
ized to the ¢ dependence expected for internal Zimm dy-
namics, is plotted as a function of the unitless variable gR,.
As reference the normalized relaxation rates obtained for the
homopolymer gOn144f1 are also shown. The upturn at low ¢
values, corresponding to larger length scales, is due to the
increasing sensitivity of the NSE experiment to the c.m. dif-
fusion of the overall dendrimer. Here, the first cumulant
should be proportional to ¢> as expected for free translational
diffusion. At large ¢ values, on local length scales within the
dendrimer the reduced relaxation rates reach a plateau indi-
cating that the internal segmental motions of the dendrimers
follow Zimm dynamics. The absolute relaxation rates for the
dendrimer and the homopolymer are the same. On interme-
diate length scales of the order of the dendrimer dimension,
i.e., qR,~ 3, the reduced relaxation rates exhibit a minimum.
Analogous observations have been made by Richter and
co-workers**™* for high-functionality star polymers where
the slowing down of the reduced relaxation rates on length
scales of the arm dimension was attributed to collective
breathing motions of the arms relative to each other. The
architecture of the dendrimers compared to that of star poly-
mers is more complex, and as a consequence the spectrum of

J. Chem. Phys. 125, 204908 (2006)

normal modes contributing to structural relaxation is more
complex, too.

To get further insight which motions contribute to the
slowing down of Q(g)/¢> in the case of the dendrimers we
extended the Rouse-Zimm model of Cai and co-worker*"*!
formulated for starburst dendrimers of special geometry
(f=3, m=2) to starlike dendrimers with arbitrary architec-
ture. The solid line shows the result of a fit using Egs. (18)
and (19) without preaveraging the hydrodynamic interaction
tensor. For the monomeric friction coefficient the fit yields
(=(3.9+0.2) X100 Nsm™' and the reduced monomeric
friction coefficient (x=¢/(67nl)=(4.7+0.4) X102 as a
measure of the relative strength of the hydrodynamic inter-
actions can be calculated. The bond length /=0.75 nm is de-
termined by the SANS experiment and the viscosity of tolu-
ene is 7=0.59 mPas at 7=293 K. The monomeric friction
coefficient obtained here compares very well to the values
found for other polymers with NSE spectrosc:opy.S(L52 Hav-
ing in mind that there is only one adjustable parameter, we
obtain good qualitative agreement between experiment and
theory. First of all we have to keep in mind that a preassump-
tion for the derivation of Egs. (18) and (19) is Gaussian
statistics. As already discussed for the interpretation of the
static results Gaussian statistic is violated, in particular, in
the case of the dendrimers with shorter spacers between the
branching points. The experimentally determined minimum
is sharper with a much less gradual transition to internal
Zimm dynamics than predicted by theory. However, the de-
scription of the depth of the minimum is reasonable. Richter
and co-workers report a similar finding for high-functionality
star polymers.“f44 For the star polymers both the sharpness
as well as the depth of the minimum of the measured
O(g)/q® are underestimated compared to theoretical
predictions.44 These deviations were attributed to an overes-
timation of hydrodynamic interactions between segments in
the theory. High-functionality star polymers as well as den-
drimers comprise high internal segment densities and as a
consequence the backflow field of the solvent molecules is
partly screened. Hydrodynamic interactions ease the renor-
malization of the reduced first cuamulant by the form factor,53
leading to a less pronounced minimum than found
experimentadly.“_44 La Ferla”’ predicted from his calcula-
tions within the Rouse-Zimm theory formulated for dendrim-
ers with variable stiffness that the minimum in the reduced
relaxation rate decreases in width and depth with increasing
stiffness. Increasing stiffness prevents backfolding of the
dendrons and, thus, reduces the internal segment density
which in turn leads to stronger hydrodynamic interactions
between the segments and a flattening of the minimum.
However, according to the results deduced from the SANS
experiments the dendrons on the dendrimers in particular, in
those with shorter spacers, adopt a more stretched conforma-
tion compared to the high-functionality star polymer. Thus,
hydrodynamic interactions leading to a flattening of the
minimum in ((g)/¢> should be less screened which is not in
accordance with our findings that the theoritical description
of the depth of the experimentally determined minimum is
reasonable.

In the following we would like to discuss the detailed
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FIG. 6. Schematic sketch of the class 1 and class 2 eigenmodes.

nature of the normal modes contributing to the structural
relaxation of the dendrimers. As sketched in Fig. 6 we can
distinguish two classes of eigenmodes according to the be-
haviors of their collective displacements of the monomers.
The first class comprises nondegenerate modes describing
motions in which monomers belonging to different concen-
tric subshells around the center bead are collectively moving
together undergoing a sort of shearing motion. The subshells
are not equivalent to the generation shells but are rather de-
fined by the number of zeros Z, of the normal modes along a
substrand built by (g+1)n+g=N, monomers in the starlike
dendrimer. Thus the normal modes of class I comprise
Nepassi=No+ 1=(g+1)(n+1) modes including the mode with
no zeros along a substrand. In the latter all monomers in the

J. Chem. Phys. 125, 204908 (2006)
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FIG. 7. Contribution to the relaxation of the intermediate structure factor of
modes belonging to the same eigenvalue as a function of ¢ calculated using
Eq. (20). The thick lines with empty symbols mark the class 2 eigenmodes:
(a) core unit as stem with non zero #1 and one zero #3, (b) first generation
branching unit as stem with non zero #2 and one zero #5, and (c) second
generation branching unit as stem with non zero #4. Higher order class 2
modes are displayed as thin solid lines. The solid lines with filled symbols
mark the class 1 eigenmodes with one zero #6 and two zeros #7, etc. The ¢
window of the NSE experiment is marked by the shaded area.

dendrimer are moving in the same direction, thus, this mode
describes the c.m. diffusion. The second class comprises de-
generate eigenmodes describing motions where monomers
belonging to subdendrons originating from the same stem
(either core or branching unit) are collectively moving
against each other in a sort of breathing motion. There are N
modes each with degeneracy e=(f—1) where the whole den-
drons stemming from the central core are undergoing collec-
tive breathing motions. All other modes where the branching
units build the stems comprise N;=(g+1—i)n+g—i modes
each with degeneracy e=fm'~!(m—1) where i=1, ...,g is the
generation of the group of branching units building the
stems. Thus, the second class of eigenmodes comprises
NclassZ modes,

Nejass 2=No(f = 1)
8
+ X [(g+1=n+g—ilfm"(m-1), (23)
i=1

and N 661+ N class2 =N, is the total number of normal modes
contributing to the structural relaxation of the dendrimers.
We now would like to address the question which nor-
mal modes contribute to the decay of the intermediate struc-
ture factor in the g range of the NSE spectrometer. In Fig. 7
the contributions R, ,..(¢) of all modes belonging to the
same eigenvalue A\, of degeneracy ¢ to the decay of S(g,r)
are plotted as a function of the scattering vector. The mode
contributions R, .,.(q) were calculated using Eq. (20) which
was derived assuming 6 conditions. However, it can be seen
from Fig. 1 of Ref. 38 that there is no difference in the
ordering of the lower numbered modes between good and 6
solvent conditions. The dynamics becomes faster on local
length scales but slows down on larger length scales due to
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the expansion of the dendrimers by going from 6 to good
solvent conditions. In summary, even though the mode con-
tributions in Fig. 7 are calculated under the assumption of 6
conditions they should give a representative representation of
which normal modes give a significant contribution to the
relaxation dynamics of the dendrimers on length and time
scales of the NSE experiment. Obviously, the breathing
modes (class 2) give the main contribution due to their high
degree of degeneracy. Here, only those modes are relevant
where the dendrons originating from the center bead, and
first and second branching units are moving relative to each
other with no zero or only one zero along the substrands. The
contribution of the shearing modes (class 1) is rather small.
The dynamic behavior found here for the starlike den-
drimers is different to that found for starburst dendrimers. In
a previous publication on starburst PAMAM dendrimers with
generations between g=5 and 8 only c.m. diffusion was ob-
served even though length scales larger and much smaller
than the overall dendrimer dimension were plrobed.8 The ab-
solute values obtained for the diffusion coefficients were
equal to those expected for homogeneous, hard spheres. No
internal dynamics were detected. An explanation can be
found by looking at the differences in the dendrimer struc-
tures. In Fig. 8 the radial density distribution and the radial
mass distribution are shown for the starlike dendrimer
g2n10f6 and the starburst PAMAM dendrimer g5n1f4. To
allow a comparison between the two dendrimers, distances
from the center of mass are normalized to the radii of gyra-
tion. The mass distribution is normalized to the same mass.
Compared to the starburst dendrimers the density in the star-
like dendrimers decays much faster and a major fraction of
the mass is located at much larger distances from the center
in a region with reduced polymer concentration. For the star-
burst dendrimers the polymer concentrations in the rather
extended core region become very high, almost meltlike, and
the smoothly decaying surface region is rather small. As a
consequence, the internal dynamics is too slow compared to
the c.m. diffusion to be resolved by the experiment. In the
starlike dendrimers the density is significantly reduced and
the internal dynamics becomes comparable to and, for high ¢
values, faster than the c.m. diffusion.

Stark ef al.’ performed NSE experiments on carbosilox-
ane dendrimers with generations g=1, 2, and 3 with perflu-
orinated end groups in perfluorohexane. Deviations from
simple c.m. diffusion found for the g=3 dendrimer were at-
tributed to form fluctuations and discussed in the framework
of a model used to describe the shape fluctuations of micro-
emulsion droplets.54’55 The contribution of the relaxations of
ripples in the surface to the decay of S(g,t) is only signifi-
cant at ¢ values where the form factor has zeros or minima,
at other g values it is masked out by c.m. diffusion. Shape
fluctuations give rise to a, compared to the c.m. diffusion,
extrafast relaxation thus, the normalized relaxation rate
O(g)/¢* exhibits a local maximum in the vicinity of the
minima of the form factor. The g=3 carbosiloxane dendrimer
exhibits a rather spherical shape and the form factor shows
the characteristic minima. For the g=1 and 2 carbosiloxane
dendrimers the form factors do not show any minima which
was attributed to a more elliptical shape of the low genera-
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files (bottom) obtained for a starburst PAMAM (g5n1f4) and a starlike
dendrimer (g2n10f6). Radial distances from the center-of-mass are normal-
ized to the radii of gyration for each dendrimer. Taking into account the
different architectures, the profiles are also normalized to the dendrimer

masses.

tion dendrimers and the dynamic experiment reveals c.m.
diffusion only. The starlike dendrimers investigated here
have rather extended density profiles and consequently the
form factors do not show any minima but exhibit the typical
power-law decay expected for internal density fluctuations.
They are mass fractals and not surface fractals and do not
exhibit a sharp surface. So we do not expect that shape fluc-
tuations are a relevant relaxation mechanism for the starlike
dendrimers. In the g range gR,~ 3.6, estimated from the hy-
pothetical first minimum of the sphere form factor with R
= \f%Rg, in which the shape fluctuations should give rise to
an extrafast relaxation, we clearly observe a local minimum
of the normalized relaxation rates due to the collective
breathing modes of the dendrons. However, as mentioned
above in a previous study on the internal dynamics of star-
burst PAMAM dendrimers we did not observe shape fluctua-
tions either. Even though the PAMAM dendrimers have a
rather globular shape and the form factors show well-defined
minima, only c.m. diffusion was observed in the whole ¢
range of the NSE experiment. Stark et al.’ attributed their
findings to the fact that the end groups in their particular
dendrimers are coated by the end groups due to the unfavor-
able interaction of the end groups with the core, thus forming
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a sort of compact shell. However, the interpretation of their
NSE data in terms of form fluctuations would imply not only
a well-defined incompressible surface formed by the end
groups but also a low viscosity liquidlike interior. Thus, it
cannot be excluded that the extrafast relaxation process
found by Stark et al’ is due to internal density fluctuations
and not to shape fluctuations.

V. CONCLUSIONS

We investigated the structure and internal dynamics of
starlike poly(e-caprolactone) dendrimers in dilute solutions
with SANS and NSE spectroscopy. Toluene was chosen as
good solvent. The SANS data were evaluated in the frame-
work of the Beaucage model* and by rigorous evaluation of
the static form factor from its definition via the connectivity
matrix which contains the information about the topology of
the dendrimer. For the latter approach and for the interpreta-
tion of our NSE results we generalized the Rouse-Zimm
model of Cai and Chen*' for starburst dendrimers (f=3, m
=2) to starlike dendrimers with arbitrary architecture in
terms of the following parameters: generation number g,
spacer monomer number 7, and functionalities of core and
branching units, f and m, respectively. The Rouse-Zimm ap-
proach gives direct access to the single normal modes con-
tributing to the structural relaxation of the dendrimers and
enables us to assign which relaxation mechanisms are rel-
evant in the ¢ and time range of the NSE experiment.

The starlike dendrimers become more compact with in-
creasing generation and increasing spacer length. On the
other hand deviations from Gaussian behavior become larger
with decreasing spacer length. The dendrons in the starlike
dendrimers with short spacers stretch out to gain volume,
therewith circumventing overcrowding. Dendrimers with
longer spacers adopt a more space filling shape most likely
by backfolding of the dendrons to the center. This results in
a more Gaussian-type conformation of the dendrons in the
dendrimers with long spacers. Increasing generation, accom-
panied with a gain in volume, does not lead to further
stretching of the dendrons.

From a first cumulant evaluation of the NSE spectra for
each scattering vector ¢, separately the relaxation rates ((g)
can be obtained and, thus, the NSE experiment yields infor-
mation about the dynamics of the dendrimers on different
length scales og~'. The normalized relaxation rates Q(q)/q°
exhibit a pronounced minimum on length scales correspond-
ing to the dendrimer dimension. The Rouse-Zimm approach
reveals that this slowing down of the dynamic relative to the
internal Zimm dynamics is due to collective breathing modes
where (parts of the) dendrons originating from the same stem
are collectively moving against each other. Stems can be
either the central core or the groups of branching units be-
longing to the same generation. Shape fluctuations are not a
relevant relaxation mechanism for the starlike dendrimers
which are mass fractals and exhibit a rather extended density
profile.

J. Chem. Phys. 125, 204908 (2006)

APPENDIX: CONSTRUCTION OF CONNECTIVITY
MATRIX

The monomers in the starlike dendrimer are numbered in
the way sketched in Fig. 1. The core is numbered 1, subse-
quently the monomers in each linear spacer of the zeroth
generation are numbered in a consecutive manner before
numbering the branching units of the first generation and so
on. The connectivity matrix A can be constructed in analogy
to the procedure described in Ref. 41 for dendrimers with
arbitrary generation number g, spacer monomer number 7,
and core and branching functionalities f and m, respectively,
in the following way. All unspecified matrix elements are
equal to zero.

Diagonal elements:
e Core unit A[1,1]=f.

* Branching units for g>0: A[i,i]=m+1
with i=N,(j)+1,...,N,(j)+ N (j) and j=0,...,g—1.

e Terminal units: A[C(g)+i-n,C(g)+i-n]=1
with i=1,...,N(g) and C(g)=N,(g—1)+N(g—1).

e Linear units in the terminal generation:
A[C(g)+j+i-n,C(g)+j+i-n]=2
with i=0,...,N(g)-1, j=1,...,n—1, and
C(g)=N,(g=1)+Nie,(g—1).

 Linear units in the internal generations for g >0:

Ali,i]=2
with i=N,(j— 1)+ N, (G-1)+1,...,N,(j)
and j=0,...,g—1.

Nondiagonal elements:
The connectivity matrix A is symmetric, thus,

Ali,jl1=A[j,i].
e Connections to core unit:
All,2+i-n]=-1 with i=0,...,f-1.

» Connections to branching units for g>1:
A[C(k)+i,D(k)+1+(i-m+j)-n]=-1,
A[Ck)+i,D(k=1)+(i+1)-n]=-1
with k=0,...,g—1, i=0,...,N(k)-1,j=0,...,m—1,
C(k)=N,k)+1, and D(k)=N,(k)+ N, (k).

* Connections between linear spacer units:
A[C(k)+i-n+j,Ck)+i-n+j+1]=-1
with k=0, ...,g,i=0,... N (k)-1, j=1,...,n—1, and
C(k)=N,(k=1)=Nie;(k=1).

Here N,, N, and N, are defined as follows:

A = Dn+m* - 1]
+

Nt()’) = 1, (A1)
m—1

Nter(y) :fm,\” (Az)

Ne(y) = fm” = 1)/(m = 1). (A3)

For y=g, N, yields the overall number of monomers consti-
tuting the dendrimer, N, the number of terminal units, and
Ny, the total number of branching units.
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