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Molecular dynamics simulations were performed for a series of, ABndrimer models, in
explicit-solvent solutions where the ratiy, /L (R is the radius of gyration and the size of the
simulation box is kept between 0.35R,/L<0.2. Results on static properti¢sze, shape, density
profiles are in good agreement with recent theoretical and experimental studies. Dynamic properties
are systematically investigated on the local and entire molecule length scale. The dynamic
characteristics of the examined models capture the qualitative behavior observed experimentally in
dendrimer molecules. The systematic and comparative nature of this study affords detailed insight
into the origin and the relative contribution of different relaxational mechanisms in the observed
dynamic spectra. €2001 American Institute of Physic§DOI: 10.1063/1.13942(7

I. INTRODUCTION II. SIMULATION DETAILS

Dendrimers have been a subject of growing interest irf- Description of the models

the past two decades motivated by the large number of po- AB, dendrimers of generation) 3, 4, 5, and 6 were
tential applications for these novel mqlecu’résB!ologlcal simulated in solution in the presence of explicit solvent mol-
applications such as molecular recognifidir delivery ve- ecules, at a volume fraction of approximately 4%. This en-
hicles for bioreactive molecul&s take advantage of the sured that the ratio of the dendrimers’ sizes expressed by
unique molecular architecture of these materials while theig, . - 4is of gyratiorR,) over the simulation box size

use as p_olymer rheology modifiers or E)ﬁ)cessing‘sdidg- was kept as low as 0.185R9/Ls0.20. The total number of
ploit their transport/dynamic propertlés. Ever growing atoms in the simulation box amounted dg_s=2049

aqd maturing chegmstry protocols are aIIowmg for property—NG=4:4122,NG=5:8711, andNg_g= 16 425,
driven synthesés? affording well characterized molecules . ) . . . .
As the intention was to investigate generic properties

with low polydispersity and a minimal number of defects in _ . . . 2 .
13 - : arising from dendrimer topology, a freely joined bead—spring
the target morpholog¥*® The availability of these materials ; : .
@odel, commonly employed in theoretical studies, was

fosters new research into the structure-property relationship dopted. The dendrimer beads were represented as united

of these highly branched materials. Comparatively speaking, ) )
most of these efforts concentrate on static quantities reIativ_@tomS(UAS) with mass corresponding to a Givoup, where

to dynamic quantities affording large gaps in our understand. 'S determlned by the connectivity of each beady.,i =3 if
ing of these material~2°With this in mind, the aim of this & Pead is connected to only one other bedtach solvent
work is to explore the interrelation between the spatial sizén0lecule was represented by a UA g£gfoup.
and the structural/dynamic properties of dendrimer mol-  'he model chosen should be placed in the general
ecules and to proceed in a qualitative comparison to experfategory of coarse-grained models which have frequently
mental findings. Special emphasis is placed on investigatingeen _employed in  theoreticd®* or computational
the relaxational characteristics of the examined models.  Studies™***%%in order to study basic characteristic features
The paper is organized as follows: In Sec. I details areof dendrimer molecules. In previous computational efforts of
given concerning the topology of the dendritic models useduch dendrimer models, solution systems were studied by
and the relevant simulation parameters. Key static/structurdylolecular Dynamics(MD) employing uncorrelated white
properties of the examined systems are described in Sec. Ioise>® or with Brownian dynamics techniques invoking
and are compared to available theoretical and experimentgprrelations/hydrodynamic interactioftdls) through the use
findings of dendrimer molecules. In Sec. IV a detailed analy-of the Rotne—Prager—Yamakawa tenSo@n these grounds,
sis of the dynamic characteristics of dendrimers is performe@ur model where the solvent is explicitly represented by dis-
to study relaxational mechanisms spanning a range of lengttrete molecules is a step forward since His are implicitly
scales from a bond length up to the size of the entire denintroduced through the correlations between the solvent and
drimer. Section V summarizes the main findings and disthe dendrimer beads with no other priori assumptions.
cusses the general picture emerging from this study. Nevertheless, it must be pointed out that a systematic inves-
tigation of finite size effects on the static and, most impor-

3Author to whom all correspondence should be addressed; electronic mai@ntly' on the dynamic properties of the e?(amined models is
kkaratas@ulb.ac.be beyond the scope of the present work. Since, to our knowl-
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edge, such a systematic study has not yet been performed for
dendrimer molecules, our approach for the treatment of pe-
riodic boundary conditions/finite size effects is based on pre-
vious simulations of linear polymers in explicit-solvent solu-
tions. The authors of Ref. 34 studied the finite size effects in
transport and dynamic properties of single freely joined
chains of varying length, at high dilution conditions where
0.1<Ry/L<0.3. It was found that in this range the static
properties of the chains did not present box-size effects,
whereas the intermediate scattering funct8jn,t) (q is the
scattering vectgrappeared to be box-size dependent at the
low q regime. This effect was attributed to the increase of the!G. 1. Schematical representation of the dendrimer models examined.
center of mass diffusion with the box size and found to be

adequately described with the aid of the Kirkwood formula _

for the chain diffusion coefficient after suitable B- Simulation parameters

modificatiori® to incorporate image chain effects. This treat- The bonds between the beads are allowed to fluctuate
ment, which was further discussed in Ref. 36, showed thaharmonically around an equilibrium value with a potential
apart from a numerical prefactor, the diffusion coefficient ofenergy as described by o= 3K(1 —1)2. The parameters
the chain was a universal function of the rag/L. This k=158.35kcal/mol and,=1.54 A used are typical for the
ratio in the systems of Ref. 36 amounted to 0.195, 0.225, anglescription of linear hydrocarbon polyméfsA Lennard-
0.228. Furthermore, regarding the dynamic behavior, it wadones potentialU(r;)) =4l (o/rij)*=(a/r;)°] is em-
showr# that despite the dependence d(q,t) on the box ployed for the_ calculatlon of the nonbon_ded interactions be-
size (weak for highg and more significant for loweq val- tween any pair of umte_d atonige., dendrimer and so_lv@nt
ue9, the local reorientational dynamics as described by théo‘ cutoff of rq,=2.50 is used and thar parameter is set

. . : L equal tol, allowing simulations to be performed within the
bond autocorrelation function yielded indistinguishable re-. ' . i
. . . limit of high excluded volume. Dendrimer beads and solvent
sults for different box sizetsee Fig. 3 of Ref. 34 Moreover,

. o ) _ beads are assigned the samealue. The energetic param-
this insensitivity to the box size was also observed in theye ¢ was 0.113 kcal/mol and the simulation temperature

behavior of correlation functions related to global chainyas chosen so that=0.3gT, following Reyet al,3° where
dimensiond’ like the square end-to-end distance and theit js shown to reproduce® condition of linear polymers.
end-to-end vector autocorrelation functions. Since definition of an “exact'® condition for a dendrimer
Occurrence of the same behavior in a representative aholecule is not a simple task due to the nature of the many-
our dendrimer modelsG=3) was confirmed by studying body interactions involvet the temperature corresponding
local and global reorientational dynamics after reducing theo the® condition in linear chains was examined, in order to
volume fraction(by increasing the box size and more thanfacilitate comparison to previous theoreti®al and
doubling the number of solvent moleculgs 1.8%. Differ- computation&iO studies of similar dendrimer models, where
ences between the 4% and the 1.8% systems in the calculat&@pults corresponding to this condition are available.
autocorrelation functions related to the length scale of a The simulations were performed within ti®._poLy

single bond or that of the entire dendrimer size were welmelecular dynamics packadeThe time step used was 1 fs

H _ _ 1/2 ;
within the error bars. Analogously, it is assumed that reori-coTresponding tat=0.0012, where 7=o(m/e)"* is the

entational dynamics of the other dendrimer systems, foIIomgh"’m’mte”St'C time of the modém is the average mass per
s

. o . ead, 13.7 amu From now on], and 7 will be used as the
the same degree of insensitivity to box-size effects. It mu . i :
also be noted that even without this direct analoay the IOWstandard units for length and time, respectively. Each system
: . gy is equilibrated for about 2 10° time steps in theNV T en-
and approximately constarfRy/L ratio for our systems

. ) : ; semble after which the mean square radius of gyration
should be sufficient to validate amglative comparison be- ((Ré)) reached equilibrium. Production runs are then per-

tween the different dendrimer molecules examined. formed for at least 10time steps in the\VE ensemble.
The dendrimer topology invoked is schematically illus-

trated in Fig. 1. The structure emerges from a trifunctional
core and emanates radially outward with bifunctionallll. STATIC/STRUCTURAL PROPERTIES

branching of every other bead. According to this scheme, a Figure 2 showsR? for G=3 throughG=6 dendrimers

dendrimer grown to th&th generation 6=0,1,...) CONSISIS 55 4 function of time during the production run. The average
of Ng=3P(2°"*~1)+1 beadsP is the number of bonds  sj;¢ of the dendrimer remains stable during the entire trajec-
between branching points and is 2 in this case. The totabry. Table | lists the values dfR%) with the corresponding
number of generations for a given dendrimer model is destandard deviations as a function of generation number and
noted byG while g will refer to beads belonging to the gth total number of beads per dendrimer molectNg .(The de-
shell of the dendrimer. &5=0 dendrimer contains the core pendence oR, on the total number of beads per dendrimer
with three bonds each connecting it to a pair of bonded UAN follows the power lawR,=N* wherex=0.35+0.03. The
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FIG. 2. Instantaneous values of tRg.
FIG. 3. Average bead number densities of the examined models. The peaks
observed at distances=1, andr=2l, correspond to one and two bond

.. . lengths of the Oth generation beads.
calculated exponent is in a very good agreement with the

exponent x=1/3 which was predicted by numerical
calculation$® (see Figs. 5 and 6 where results from theter, with the location of the peak representing the average
method discussed are compared to results from simulationgsolid line) signifying the R, of the molecule. The peaks
and observed in several simulatiéh®3® and corresponding to different generational shells are shifted to
experimentd+?*?studies of dendrimer systems. longer distances ag increases, and the tails of the distribu-
Such a scaling behavior is characteri&iof three-  tions extend close to the center. Solid-state REDOR nuclear
dimensional compact objects being consistent with the remagnetic resonancéNMR) measurements on flexible den-
sults from structural studies of flexible dendrimer moleculesdrons revealed close contact between the focal and peripheral
in solution?? The implied space filling geometry requires a groups? In addition, longitudinal NMR relaxation times in
considerable degree of backfolding of the outer generatioparamagnetic core dendrimers indicated a close approach of
beads. Although this conjecture is in disagreement with earlyall units within a dendrimer to the molecular cdre.
theoretical effort4? its validity is illustrated in previous nu- Insight into the actual shape of the simulated dendrimers
merical calculations and computer simulatiif$*®>#4and  as a function of the generation numbér, can be extracted
verified by recent experimental studies of dendrimerfrom calculation of the molecular form factors and the rela-
molecules3274546gpecifically, the extent of inward folding tive aspect ratios along the principal axis of inertia. In Fig. 5,
increases with the dendrim& value. The results reported the scattering functions of the examined dendrimers are
here are in accord with these findings. Figure 3 shows thehown in the Kratky representation. The solid line denotes
average number densities of dendrimer beads as a function tife form factor of a compact sphere with radius of gyration
the distance from the core for tHt83—-G6 molecules. The the same as that of th&é6 dendrimer. Besides the major
density profiles exhibit a plateau which broadens with in-peak atqRy=1.7, a secondary peak is clearly resolved, es-
creasingG value followed by a monotonic decrease toward
the exterior of the molecule. It is of interest to resolve the

spatial distribution of beads belonging to topologically dif- - 1 1" ' G6 dendrimer 10]G6 dendrimer /™ —— Average
ferent generation shells.e., eachg value within these pro- ] o encumer 3
files. Figure 4 illustrates the number density profiles due to 3
the successive generation shells in 88 dendrimer. Evi- 0015 ° I
dently, the degree of backfolding increases with the genera“_- ] § |
tion shell. The beads of the outer shef<6) are found = =
throughout the dendrimer including distances close to theg) 0.010 4 p p ]
trifunctional core. The inset of Fig. 4 shows the correspond- & ly
ing histograms of radial distances of the beads from the ceng ] ZSZ g:?
Z 0.005 —A—g=2 ]
—y—g=3
TABLE I. Mean squared radius of gyration of the simulated systems.
G N (RONG Standard deviation o 1 A
3 91 11.06 1.17 t,
4 187 17.13 1.41
5 379 26.12 1.47 FIG. 4. G6 model: bead number densities resolved in generational shells.
6 673 40.86 1.53 Inset: the corresponding histogram of the number of beads as a function of

the radial distance from the core.
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FIG. 7. Mean square displacement of the center of mass of the examined
FIG. 5. Kratky plots for the studied dendrimer models. The solid line cor-dendrimer models. The inset depicts the diffusion coefficient as a function of
responds to a solid sphere with radius equal to the radius of gyration of theeads per dendrimer.
G6 model.

. . ) ) generation dendrimers are asymmetric, while higher genera-
pecially for the higher generation modelscel®y=4.8 in ac-  tjons assume a more globular structure as denoted from the

cordance with the location of the second-order peak of th?)rogressive decrease of the aspect ratios toward unity.
hard spherical geometry. The appearance of higher order

peaks in dendrimer scattering functions has been reported in

other numericdf and computation4f studies of dendrimer IV. DYNAMIC/TRANSPORT PROPERTIES
models. Experimentally, x-ray scattering data from high gen-
eration dendrimers exhibited a two side maxima in the mea- . i . .
sured small-angle scattering intensity as a function of th%f”‘.m'(.: behaV|_ and experé%g?.tal .SIUd'eS on the local mo-
magnitude of the scattering vector, while observation of a llity in dendrimer molecules mghcatg the same trend. A
secondary peak in the range@R,~4—5 has recently been strong decrease of segmental diffusion v@vglue .fol-
reported in small-angle neutron scattering experinféfitef lowed by an analogous slow-down of long-time diffusion has

: . L . ) been reported if*C NMR studies in PAMAM dendrimerg
high generation polypropyleneiming and polyamidoaming X . e . .
(PAMAM) dendrimers. In the following sections, the diffusion and the dynamic

Supplemental information pertinent to the geometry Ofproperties of our models are investigated in order to address

the simulated models is obtained by examining the momen&hese observations.

of inertia of the systems. The aspect ratlgél, andl,/l,  A. Diffusion behavior
wherel,,l,,l, represent the eigenvalues of the moment of
inertia tensor in descending order, are plotted in Fig. 6. Lovv(

The G value of a dendrimer heavily influences its dy-

Dependence of the mean square displacera&nf(t))
MSD) of a generation’s center of mass is shown in Fig. 7.
The initial increase of the MSD depends on the molecular

weight of the dendrimefdecreases with increasirg). The
1.8 T y T y T g T inset of Fig. 7 illustrates the dependence of the center-of-
mass diffusion coefficients on the number of UAs within the
—m— Iz2/Ix dendrimer as extracted by the long-time slopes of the MSD

\ o—Izly curves. A line of slope-0.5 is shown which was the theo-

-
[«
1

retically predicted behavior for the diffusion of dendrimer

% ] ] models at® conditions under the Zimm approximatigsee

= 144 \ g Fig. 8 of Ref. 31 at the high excluded volume lijniin Fig.

2. " 8, the diffusion behavior is resolved over the differgnt

< \. 1 shells for the lowest and the highest generation models ex-

amined. The effective MSD of g shell is calculated by

129 ’\.\. 1 averaging over the MSDs of the beads belonging to this
e shell. The diffusion of the center of mass of the whole den-

drimer is shown for comparison as well. At short times, a

1.0 T T y J ) gradual retardation of the MSD from the outer shell toward

3 G4 . 5b G 6 the core is observed. Diffusion of the shells belonging to the
eneration number (G) G6 dendrimer exhibit a stronger dependerie., slowing
FIG. 6. Moment of inertia aspect ratios as a function of generation numberdOWn) on the shell number. This behavior persists to longer

wherel =1,>1,. time scales compared to th®3 case resulting in overall
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N<o 10" FIG. 9. Schematical illustration of the bond and the core-&hell vectors
A for g=1. Bond vectors belonging to the first generational shell are shown by
N‘E’ _1 thick solid lines. CT1 vectors are represented by the dashed lines.
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107° . tion of a vectorv at times 0 and, respectively. The angular

0 e 2 3 . . .
10 10 10 10 brackets represent an average over the different time origins
vt and an average over all similar CTg vectors.

FIG. 8. Mean square displacement resolved in generation s@II&3
dendrimer,(b) G6 dendrimer. 1. Data analysis method

Analysis of the correlation functions is performed in

slower diffusion. Such a picture is consistent with the experiterms of their distribution of relaxation tim¢®RTs).”> The

mentally observed dependence of the local mobility on denf€€d to invoke a distribution of correlation times for a more
drimer size. accurate interpretation of relevaif NMR data has earlier

been noticed? In this approach, eacB(t) is described as a
continuous distribution of exponential processes according to
the expressio©(t) = f”_F(In(&)e” YadIn & whereF(In(¢))

13C and®H NMR experiment¥**in PAMAM dendrim-  symbolizes the normalized DRF.Information associated
ers revealed a marked dependeriice., slowing down of  with the existence of distinct motional processes and the dis-
average segmental relaxation times with molecular weightpersion of exponential decays describing each process is ex-
Additionally, segmental motion at dendrimer termini wastracted from the number and the width of the peaks appear-
found to be significantly faster compared to the interior sitesing in the DRTSs, respectively. A characteristic tif@T) for
Meltzer et al>**? interpreted their results in the context of theith process appearing in the spectnat to be confused
the Lescanec—Muthukunfrmodel, which invokes a den- with the time unitr defined in Sec. Il Bcan be calculated as
sity profile with a maximum at the core followed by a mono- 7, = JagtF(In(®))dInt/f 5 F(In(t))dInt whereAt; denotes the
tonic decrease toward the exterior of the molecule. Theikjme interval over which theth peak extends. In case of

reasoning is based on the strong molecular weight depengmost symmetric peaks, the location of the maximum pro-
dence of the density profile which might affect the segmentaj;jges a good estimate of the CT. If the integration is per-

However, predictions of this model like the shape of thecgiculated which is equivalent to a time defined &g
density profile and the scaling of the molecular size are not_ ftmayc(t)dt
0 )

in accord with later studié$!®2023.2533 (including the
present work while criticism has been raised concerning the ) ) )
ability of the kinetic growth procedure used to produce equi-2- G/obal reorientational motion
librium structureg®-3354 As mentioned earlier, dynamics on long length scales are
In order to address these observations in detail, the trgprobed by the relaxational behavior of the CTg vectors. The
jectories have been analyzed over a broad range of time amdorientational motion of the entire dendrimer can approxi-
length scales. Local dynamics were studied through the aunately be represented by the dynamics of these vectors when
tocorrelation functions(ACFs) decay of the bonds while g refers to the outermost shell. This argument would strictly
longer length-scale motions are investigated by monitoringe true if the outer surface of the molecule were occupied
the relaxational behavior of theore-to-g-shell(CTg) vec-  exclusively by beads of the outermost shell. However, it is
tors. As is schematically illustrated in Fig. 9, the Cliapt-  still a good approximation since beads belonging to the ex-
ted) vectors connect the topological center with beads beternal shell are more probable to be further from the core and
longing to distincty shells. Therefore, this notation will refer thus closer to the surfadsee inset of Fig. #
to a vector originating at the core and ending in any of the  Figure 1Qa) displays the ACFs of the outermagtshells
beads belonging to thgth shell of a dendrimer. Autocorre- of theG3, G4, G5, andG6 dendrimers. Corresponding DRT
lation functions C(t) were calculated a€(t)=(cosé(t))  spectra are shown in Fig. (f). DRTs for G3, G4, andG5
=(U(0)-¥(t)).¥(0) and¥(t) denote unit vectors in the direc- exhibit a double peak. A high amplitude/long time-scale

B. Dynamic properties
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FIG. 11. Comparison of ACFs of bond vectors located in three innergost
shells @=1,2,3). Lines through the points represent the fit resulted from
the analysis procedure described by exprestlon

FIG. 10. (a) ACFs for the CTg vectors of the exterior generational shells.

Lines through the points represent the fit resulted from application of exgverage correlation times,, is displayed in Fig. 12. Solid

pression(1). The behavior of the ACFs corresponding to G3 and G4 den-"nes connect points corresponding to shells of the same den-

drimers are almost identicalb) Corresponding DRTSs. . . . .
drimer (iso-G). Dotted lines connect points of shells of dif-
ferent dendrimers, but at the same distance from each den-

mode is located around 100 ps with a low amplitude/shorﬂrimer’s outer shellequidistant from the “surface,” referred
time mode observed on the time scale of a few ps. The reld® asiso-D hereafte). Apart from the dependence of the
tive amplitude of the fast process is less than 20% in alforrelation times on molecular weigtitompare times at
cases. The slow process apparently reflects the slow reoriefonstant shell numbgrand on the distance from the core
tation of the dendrimer as a whole, which is the main mechalcompare times at different shells afo-G curves, some
nism for the decorrelation of CTg vectors’ ACFs. The low additional features are worth noting. For the three lower size
amplitude mode can be attributed to the small contributioin0delsG3, G4, G5, an apparent insensitivity at,, to shell
expected from bond reorientation. In contrast, the DRT for

the G6 dendrimer consists of three relaxational processes.

The extremely weak fast mode and the intermediate process e . —
occur on time scales comparable to the fast and the slow ] &

- . . 3 N —A—G3
modes of theG3—-G5 dendrimers. The third relaxation pro- 10° ; % —o—G4 1
cess forG6 has the highest amplitude and is more than a ] \ —0—G5 ]
decade slower compared to the intermediate mode. This ob- ] A ,,-'O\ —O—G6
servation suggests that above a characteristic size drastic | 2— g s I
changes take place on the mechanism through which reori- . 10’4 8& \D \ .
entation of the dendrimer is realized. S R T~ ]

] A%O o 2
: ] A \ \
3. Local scale dynamics ) \o -l %
1 A\O\

Figure 11 compares ACFs of bond vectors belonging to ‘
o

inner g shells for all the examined dendrimers. Thiige- ]

shell groups of ACFs are depicteda) g=3, (b) g=2, (c) o 1 2 3 a4 5 &
g=1 (for the shell numbering convention see Fig. The Generation shell number (g)
molecular weight dependence of the spectral characteristics

(shape, decay rat®f the ACFs is evident. At a given shell, FIG. 12. Average relaxation times for the bond ACFs, resolved in all the

bond reorientation slows down with dendrimer size. At ageneration shells comprising each dedrimer. Solid lines connect points be-
) longing to the same dendrimer. Dotted lines connect points corresponding to

given molecular weight, faster decorre|ati0n_ is observeg as ghells of different dendrimers, at a constant distance from the outermost
shells draw away from the core. A “relaxation map” of the shell.

Downloaded 10 Jan 2002 to 139.91.254.18. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



5316 J. Chem. Phys., Vol. 115, No. 11, 15 September 2001 Karatasos, Adolf, and Davies

0.8 . . 0.8 . .
G3 dendrimer a) G4 dendrimer b)
—0—g=!} —O—g=l
081 g g=2 1 06] g—g=2
A g —A—g=3
= = —O—g=4
£ o4y P g os
c VAR ol <
= & \ P n = OO,
s A/ AN fri Ai’égh N Duuh
02 f TG | 021 45 N I R
£ Hun A PV \ £ 79 A
\ d YL Q 4 oal %0, Yo
oo éf u“\:71 °d vvlyn\gm 00 6, IS I FIG. 13. DRT spectra of the ACFs of
1 10 100 1000 1 10 100 1000 the generational shells for the exam-
[0d vt ined dendrimers. The perpendicular
0.8 oLy . 0.8 T T T lines mark the peak locations of the
endnmer 4 9 G6 dendrimer 4 processes of core-tp-shell ACF DRT
—O—g=l1 / \ —O—g=l spectra(see the text
0.6 —V—g:Z oY 4
o ~—A——g=3
T o4 [ o /V/ \ \
[e] —O— p=5 [u]
2% 7 Lo 18
= (o}
W adied 2, 2 \ 1 \
0.24 o/ F L T S RV
[ % 7 4T
0.0 o8 N

1 10 1(|)0 1000

number along théso-D curves is observeds6 can approxi- in a broad distribution extending over the entire dynamic
mately be embodied in the same argument only when conwindow. At the external shell, fast bond reorientation takes
sidering the outermost shell. The latter notion is consistengver as the principal motional mechanism.

with observations from NMR meaSUrem&%tWhere relax- The degree of Coup”ng between fast and slow time

ation times from dendrimer chain termini exhibit the weakestscgjes of dendrimer motion appears to depend on the size of

molecular weight dependence compared to internal sites. If}o gendrimer. Figures 18, 13(c), and 13d) present the

general, a significant pverall retardation of bon_d reonenta-anaIogous DRT spectra correspondingG@é, G5, and G6
tion takes place upon increase of molecular weight betwe

e . .
the G5 and theG6 dendrimer. Hendnmers, respectively. In tl&4 model, the spectral char-

Figure 13 shows the DRT spectra corresponding to thgcteristics qf the DRTs for the two epdmost shells re;emble
ACFs of bonds residing in the different generational shells Oithose (_)f theiG3 analogs. A not_able d'ﬁgrence though is that
each dendrimer. Note that DRTs referring de=1,2,3 de- at the innermost shell the relative amplitude of the slow pro-
scribe the corresponding ACFs displayed in Fig. 11. Verticaf€Ss has been enhanced at the expense of the faster mode
lines serve in marking the position of the maxima occurring(compare the relative peak areas between the slow and the
in the DRTs of the corresponding exterior CTg ACfex-  fast processes at innermost shells &8 andG4 dendrim-
cluding that of the fast bond reorientatjopresented in Fig. ers. In other words, the overall dendrimer rotatiGrepre-
10(b). Focusing on the smallest size modElg. 13a)], the  sented by the slow procesBas an increasing influence on
outer shell’s spectra possesses a single peak structure withcal scale relaxation close to the topological center with
maxima around 3 ps. The second shell's DRT shows a rathéncreasing molecule size. DRTs of intermediate shells are
broad peak extending over two decades. The DRT of thebroader, with “tails” instead of the more flattened interme-
closest-to-the-core shell is bimodal Slgnlfylng that relaxationdiate Spectra |rG3, through which passage from one ex-
occurs on two charac;teristic time scalgs. The peak location qfeme time scale to the other takes place. These trends con-
the fast process resides at the fast side of the broad secogf e in the G5 model leading to a stronger separation

shell's spectra, and practically coincides with that of theyenyeen the modes. Local relaxation in the shell adjacent to
outer shell's DRT. The o';her process _bemg more than a d he core is almost “in phasefi.e., relaxes exclusive)ywith
cade slower, overlaps with the long-time tail of the secon he slow component of the overall dendrimer reorientation.

shell's DRT. This mode separation persists at higher generational shell
The higher amplitude of the slower mode, whose CT lies IS separation persists oner I shels

on top of that of the dominant slow mode of the CT3 vector(g:2’3) as manifested by their bimodal distributions. At

(marked by the vertical line indicates that local relaxation €Ven higher molecular weight, the relaxation picture be-
close to the core is mainly attained through overall denOMes more complex in analogy to the CT6 behajitg.

drimer rotation. The fast peak possessing the lower amplil0(b)]. DRTs of shells 1 and 6 exhibit features similar to the
tude implies the existence of bond reorientation at timesmaller dendrimers’ spectra, i.e., they are governed by the
scales of the order of a few ps, in analogy to the fast procesgvo extreme time scales discussed before. At in-between
appearing in the CT3 DRT. At intermediate distances fromshells local reorientation is instead realized via intermediate
the center, a combination of fast and slow dynamics resultime scales.
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V. SUMMARY/DISCUSSION ings, leading therefore to a better understanding of the dy-
namics of these molecules.
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