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ABSTRACT: Molecular dynamics simulations were employed in order to examine the effects of the dendritic
topology to the characteristics of local environment and its association with the manifestation of glass transition
phenomena. Dendrimer models of the AtBpe of generations 3, 4, and 5 were simulated in the melt state in a
wide temperature range. Investigation of intradendrimer motional properties revealed that connectivity constraints
inherent to this topology impose a strong dynamic contrast within the dendritic structure which increases with
molecular size. This strong separation of the relevant time scales particularly at the largest size model, combined
with structural rearrangements both of intra- and intermolecular nature, offers a new basis for the rationalization
of recent experimental findings where existence of multiple dendrimer glass transitions was observed.

I. Introduction

Glass transition phenomena in soft condensed matter systems
are intimately related to the details of local organization and
dynamic rearrangement of the relevant glass-forming dnits.
Structural and/or motional frustratidrergodicity breaking,and
dynamic heterogeneityare among the commonly reported
attributes for a variety of different systems near vitrification.
Changes in thermodynamic variabfespecific interaction8,and
topological feature€<® are known to influence the manifestation
and the properties of the approached glass state.

Particularly in polymers, connectivity enhances correlation
of motion and promotes the cooperative nature of local
relaxation. Additional factors like the existence of physical or
chemical network8° confinement, and interactions with
surface$~13 were found to be responsible for the modification
of the characteristic time scale of polymer segmental motion
(usually expressed in terms of the so-calletelaxation), which
drives the system to the glass state. When approaching glass
transition {Ty) strong spatial heterogeneities are form&d, Figure 1. Schematic representation of a dendrimer model of the fourth
resulting in an enhanced dynamic contrast between different generation (G4). The concentric circles indicate the boundaries of the
subregions. In special cases, e.g. when local motional mecha-different generational shells (g-shells).
nisms become activated in distinct microscopic arrangements
or specific thermodynamic states, multiple glasslike transitions
can be observe®-17 ers in the melt, exploring the role of the dendritic topology in

Molecules bearing the dendritic morph0|ogy appear as ideal the deVelOpment of structural and motional hetel‘ogeneities as
candidates for an investigation of the effects that strong the systems approach the glassy state. Since the models used
connectivity constraints may impart on the mechanisms involved (See next section) were not in an atomistic representation that
in the manifestation of polymer glass-transition phenomena. Would correspond to specific dendrimers, no attempt is made
Their highly branched but regular structure can be described in for a quantitative comparison to actual dendritic molecules.
a systematic manner. For constant total number of monomerslnstead, our effort is focused on the description of the mecha-
and number of bonds between branching points, dendritic Nisms involved in the manifestation of glass transition phenom-
structure starting from a single-atom core corresponds to the €nain the model systems examined, which however are expected
minimum of the topological Wiener indég representing thus 0 be comparable in a qualitative sense to the behavior of actual
the most compact object. Experimental findings like the Systems bearing the examined topology.
existence of significant dynamic heterogeneities between mono-

mers within the structut@ or even indications for multiple  !l- Model Description
glasslike transitions in dendritic materi#lfiave already been Molecular dynamics simulations in the constant temperature
reported. Details, however, on the underlying mechanisms constant pressur@ & 1 atm) ensemble were performed in the
responsible for this behavior still remain to be clarified. melt state utilizing the DLPOLY packagdéin three united atom

In this work we have examined by means of molecular (UA) dendrimer models of different sizes with a topology
dynamics (MD) computer simulations a series of Andrim- schematically illustrated in Figure 1. The structure starts from
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Figure 2. Static structure factor of the centers of mass for the examined
systems at 750 K. Abscissa is scaled with @alue corresponding to
the nominal interdendrimer separatiet?R;. Values for the radii of
gyration at 750 K used for the scaling &Rg(G3) = 6.1 A, Ry(G4) =

7.7 A, andRy(G5) = 9.8 A. Arrows indicate locations of the peaks
expected for a liquidlike structur®.

a trifunctional core and grows radially outward with every other
bead branched (functionality 3) until the target generational shell
is reached. The maximum generational slge(starting from

0) denotes the generation G of the dendrimer. According to this
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Figure 3. (a) Comparison of static structure factor of the examined
systems at the same temperatukeaxis is scaled by &y value

scheme, molecules of generation 3, 4, and 5 consist of 91, 187,corresponding approximately to the interdendrimer distan@®g.

and 379 beads, respectively. The systems were simulated in
broad temperature range (300 K up to 800 K every 50 K) in

a?:/alues of the radii of gyration used for the scaling are the same as in

igure 2. Vertical lines mark the peak positions appearing at theglow-
regime. (b) Comparison of the dendrimer structure factors with the one

the melt, comprised by 30 molecules for G3 and G4 systems describing an actual linear polyethylene mode(430 K) at the highg

and 25 molecules for G5. The simulation protocol (generation
of initial structures, simulation force field, other simulation
parameters, i.e., time step, potential cutoffs, procedure for
equilibration and generation of production runs, etc.) used for
G3 and G4 models (described in detail elsewP@revas
followed for the G5 systems as well. The only difference with

regime.Y-axis values for the linear model have been scaled to facilitate
comparison with the static structure factor from the dendrimers.

To check the arrangement of individual beads in the melt,
we have calculated the static structure factor according to the
expression

respect to the smaller size systems was that G5 models were

equilibrated for at least twice as long a period, while longer
trajectories (up to 30 ns length) were generated in order to
accomplish a satisfactory degree of decorrelation of local
reorientational motion.

Ill. Static Properties/Local Structure

As was illustrated in our previous wofk,small generation
dendrimers in the melt are arranged in a liquidlike manner,

sin(gr)

S(a) =1+ 3, To() - Y (@)

N here is the total number of scatterers (beads) inside the volume
of the systemy is the average volume, arg{r) denotes the
radial distribution function (RDF). Figure 3a compares the static
structure factor of the examined systems at 750 K. Evidently,
locations of the peaks at the logyy regime scale with the

assuming intermolecular distances essentially controlled by their dendrimers’ size, indicating two characteristic distances for long-
size. Figure 2 includes the G5 model in the same picture. The range order: the average separation between the centers of mass

static structure factor for the centers of mass (CM) of the
dendrimers was calculated directly in the inverse space following
the expression

N sin(@ry)

1&
Py =1+—
. N== JZI ar;

where q represents the magnitude of the scattering vector.
Indicesi, j refer to different molecules, whild is the number

)

of the molecules and a length scale comparable to the radius of
gyration. At higher values of the scaled scattering vector, failure
of the superposition prompts to the dendrimer-size-independent
nature of the subsequent peaks. Figure 3b shows the analogous
comparison with the abscissa unscaled, gtragime starting

from a magnitude close to the onset of the previous failure of
scaling. The experimentally measured static structure factor for
a linear polyethylene (PE) analogue € 0.78 g/cni, My, ~

90 000¥%3is shown for reference purposes as well. The maxima
at q = 1.4 A1 correspond to the peaks deviating from the

of molecules in each system. Angular brackets denote both timesuperposition aty/g* > 2 in Figure 3a. Close agreement of the

and ensemble averad#q)cw is plotted in Figure 2 as a function

peak positions for scattering vector magnitudes larger ¢han

of the magnitude of the scattering vector (each center of mass1 A~1 (describing distances shorter tha6 A) shows that local

is considered as a scatterer), scaled by the vgtuavhich
corresponds to the nominal interdendrimer distare@Ry).

bead arrangement at such short distances is insensitive to
dendrimer molecular weight and shares common features with

Such a scaling enables identification of the characteristic length the linear polymer behavior.
scales associated with the dendrimers’ arrangement in the bulk. On the basis of this similarity in short length scales, we can
The relative separation between the peaks appears compatiblelraw useful analogies concerning local conformations of den-

to a liquidlike arrangemetfft as pointed out by the arrows. A
similar picture describes the lower temperatures as well.

drimer structural units in their own microenvironment. Figure
4 compares the radial distribution functions describin%[gv
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3.6 L L . . . L in the G5 system this number is on average more than 2 times
113 G5 Dendrimer T=450K lower and exhibits a weaker temperature dependence. These
3.04 \ O Linear PE, Experiment findings indicate that G5 dendrimer assumes a more compact
] —— Linear PE, Simulation 430K structure compared to the lower generation dendrimers, which
2.4 impedes interpenetration from neighboring dendrimer beads.
3 T T To quantify the development of local structural heterogeneity
= 181 J TG at length scales representative of rearrangements of intramo-
< 1 j T lecular bead pairs, we can define an appropriate “conformational
1.2+ G contrast” probe and follow its temperature dependence. Selection
1 l of such a probe was motivated from an earlier proposed method
0.6 which aimed at the identification of a “microstructural signature”
. of glass transition and was successfully applied in Lennard-
0.0 . . , : . . Jones liquid$® According to this method, the temperature
2 3 4 5 6 7 8 9 dependence of the quantiB’= gmin/Gmax defined as the ratio

/A of the value ofg(r) at the first minimum ¢nn) over its value at
Figure 4. Comparison of RDFs (lines) describing a dendrimer model its first maximum @may, was found to change slope at the
(G5, present work) and a linear UA polyethylene model (simulation, nominal glass transition. Since we are interested in changes of
ref 24). Points correspond to data extracted from an experimental StUdyintramoIecular origin, we consider the raRo= gmin/Gmax Where
in a linear PE sample. Arrows mark distances characteristic of distinct q ’ he “1 3" : m! m.al;’ d
intramolecular conformations or conformational sequeRtésbels Omax COrresponds to the “1,3" maximum ofr) (attributed to
“G” and “T” denote the gauche and trans conformations, respectively. the distance between the first and the third united atom that
Label “1,3” indicates the distance between the first and the third united form a bending angle) at= 2.5 A (see Figure 5) angmin the
atom that form a bending angle. value ofg(r) at the minimum just before the “T” peak Bt~

. ) . 3.5 A (see inset in Figure 7) which practically coincides with
dendimer model of the fifth generation, a UA PE model, and the maximum distance at which intermolecular contributions

an actual linear PE system from an experimental study (see re‘cremain negligible. Application of this method resulted in the

24 ar;d ref%r(inces the;em). Ifabels G ar:gi ;r ?rr?Spondttoftemperature dependenceR®s depicted in Figure 7. A single
gauche ang trans conformations, respectively. Assignment o change in the slope dR is detected at the lower generation

characteristic distances to distinct conformations or conforma- systems (G3, G4), at temperatures very close to the respective
tional sequences follows ref 24. Apparently, all conformational glass transitiéms‘l'@'(GB) ~ 500 K, To(G4) ~ 550 K)22 lending

T : . = » Ig - ’
peakslflo%?d ’EE Ilnbear. PEfr?}?.d%!s char.act"erlze the dendgt(n)erth credence to the utilization of this method for the detection of
as wefl. n e basis of this ‘mapping:, We can monitor the - iqqstryctural changes close Tg. On the other hand, data
relative changes of the labeled conformational states trlggeredfor the G5 system are better described if three different

by_temperature variations. T_o_dlstlngwsh between contributions temperature regimes are assumed, implying the existence of two
of intra- or intermolecular origin, we have separately calculated nominal transitions

the parts arising from intra- or intermolecular bead pairs. Figure . . . .
5 depicts the behavior of the distinct RDF contributions, at two 1 ne consideration of three temperature regimes is based on

temperatures 300 deg apart, for the largest (G5) and the smalles® simple linear regression analysis which involves a succession
(G3) size models. of steps in the fitting procedure. Starting from the three points

Comparing the responses of totglr) (upper panels) to  corresponding to the higher temperatures, the correlation coef-
temperature changes, we note similar trends between the twdficient of the linear fit is calculated. At the following step, the
models. The intensity of all the conformational states appears POINt of the next temperature is included in the fit, and the new
increased at lower temperatures, implying an enhancement 0fc_orrelatlon coeff|C|e_nt is estimated. T_he same proced_ure con-
local conformational heterogeneity. The depth of the minimum tinues on, to the point where the quality of the linear fit drops
at ~3.5 A increases at the lower temperature, while a clear cOnsiderably. The set of points that maximized the correlation
tendency for separation between the “TG” and the “TT” peaks COefficient is considered to form the (first) straight line. The
appears. To assess the origins of the observed changes, we resdfocedure is then repeated starting from the first point that was
to the examination of the separate intra- and intermolecular MOt included in the previous straight line, and the set of points
contributions. Since the intermolecular part remains 0 wr@ils ~ COMPrising the next line is determined likewise. The three last
A, all the observed variations up to that distance arise from POINts corresponding to the lower temperatures that were not
intradendrimer structural rearrangements. At longer distancesfound to belong in the first two lines are considered to belong
though, local conformational changes appear as a combinedin @ single (third) straight line.
effect of intra- and intermolecular contributions. It worths Another method commonly employed for identification of
noticing that the intermolecular part of the RDF in the G3 model glasslike transitions is through the temperature dependence of
apart from exhibiting higher values also undergoes a larger the specific volume. In this case changes in the density of the
relative change with temperature compared to the one in theentire system are probed, so that synergistic rearrangements of
G5 model. The explanation for this effect lies to the fact that intermolecular nature certainly participate. Figure 8 plots the
the degree of dendrimer interpenetration (and thus the relativespecific volume for systems G3 and G4 as calculated in our
percentage of the intermolecular pairs) is significantly lower at earlier work?2 together with the one measured in the present
the G5 model with respect to the one observed in smaller sizestudy for the largest G5 system. Once more, an optimal
dendrimers. To demonstrate this effect, we have calculated thedescription of G5 data in terms of the iterative fitting procedure
average number of beads belonging to neighboring moleculesdescribed earlier prompts for two consecutive changes in the
that interpenetrate each dendrimer per unit volume (see ref 22slope at temperatures compatible with the ones detected from
for more details). As shown in Figure 6, while for G3 and G4 the dependence of thR ratio (Figure 7). Therefore, similar
models the number of interpenetrating beads assumes similamominal transition temperatures are identified, either by means
values and an almost indistinguishable temperature dependencepf a conformational-based intramolecular criterion or vi%sv
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Figure 5. Comparison of intermolecular, intramolecular, and total RDFs for the smallest (left) and the largest (right) size dendrimers at 450 and
er panels: intramolecular part. Conformational peaks are labeled after the

750 K. Upper panels: totg(r). Middle panels: intermolecular part. Low
linear PE model.
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Figure 6. Temperature dependence of the average number of
interpenetrating beads from neighboring molecules per unit volume,
for all the models studied.
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Figure 8. Temperature dependence of the specific volume for the
systems studied. Straight lines denote the slopes in the different
temperature regimes.

200

examined aspects of local motion and probed for the presence
of dynamic heterogeneities between different subregions within
the dendrimer interior.

A. Mean-Square Displacement: Mobility Contrast. From
the study of the transition rates of torsional angles located at
different generational shells within the G3 and G4 modgls,
was noted that due to the less hindered motion, generational
shells near the dendrimer periphery exhibited much higher
mobility compared to the ones closer to the topological center.
It was also shown that at temperatures near the noritye
bulk of the average conformational activity was arising from
contributions of the outer generations.

In Figure 9 the dynamic contrast between the two outer shells

examined systems. Straight lines denote the slopes in different G andgi-1 is quantified by calculating the ratios of the mean-

temperature regimes. Inset illustrates the definitiong@f and gmax
as described in the text.

system-wide probe involving intermolecular contributions as
well.

IV. Dynamic Properties

A dynamic probe for the proximity of a system to the glassy
state is the formation of strong motional heterogeneities in the
local environmerit-26which are accompanied by a significant
increase of segmental relaxation tinén this context, we have

square displacements (MSDR;ji—1) = [Arq2l[Ar_,2Cof the
relevant beads for the lower (GB= 3) and the higher (G5,

= 5) generation models. For the G3 model, an abrupt decrease
of the MSD ratio takes place in the vicinity of the apparent
glasslike transition#£500 K). A similar change occurs for the
G5 model, near the region of the “high-temperature” nominal
glasslike transition as can be inferred from the temperature
dependence of the specific volume and Bieatio (Figures 7

and 8). A notable difference between the G3 and the G5
behavior, though, is that in the small size dendrimer the ratios
below 500 K do not seem to undergo any significant chalaggv
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Figure 9. (a) Left scale: MSD ratio (see text) between the two outer correspond to the outer and to the next-to-the-outer generational shells,

generational shells for the G3 model at temperatures above and belowrespectlvely. () G3 model, (b) G4 model, and (c) G5 model. Long

the nominalT, (=500 K). Right scale: MSD of the beads belonging short-dashed arrows indicate peak locations for the MSD ratios.
to the outer generational shell. Double arrows emphasize the sudden ) ) ) ]
decrease occurring near the glasslike transition. (b) MSD ratios (see The time scale for the decaging has also been associated with

teét) for th? ES de_ndt;rimers. The double arrot;/v indic;étzte)s Ithe LEIatrimvehthe time occurrencé* of the maximum of the non-Gaussian
reduction of the ratio between temperatures above an elow the “hi ] —
temperature” nominaly. Inset displgys the comparison of the mobilityg parazr‘net_ef*;zg de_flned aso(t) N Islr()) — rOFr(®H) —
ratios at a constant temperature for the three examined systems.  '(0)'3 — 1. This parameter is commonly employed for the
quantification of the deviation of a particle’s motion from the
while the ratios of the larger generation model assume increas-Gaussian behavigf. Following this argument we have calcu-
ingly higher values. At the same time the observed maxima lated the non-Gaussian parameter at different temperatures for
shift to longer times. This augmentation of ratios for the G5 the two outer shells and compared the correspontfing the
model continues until = 450 K. At that point the tendency is  time at which the mobility ratios exhibit maxima (Figure 10).
reversed, until the maximum value of the ratios levels off to a For all generation models the MSD ratios peak at a time scale
magnitude of 2.0, in a fashion similar to the one observed in intermediate between th#& of the non-Gaussian parameters
the G3 model. The inset of Figure 9b indicates that the values describing the two neighboring g-shells. The same behavior was
of the MSD ratios (shown here at a temperature above thealso observed at different temperatadistances from the
nominal Tgs) are size-dependent, suggesting that a dynamic nominal Tys. The scenario emerging from this observation
contrast develops between analogous shells upon generation (Gjmplies that the mobility contrast among different g-shells of
growth. the same dendrimer as well as its peak shape originates from
To gain a deeper insight into the apparent mobility difference the fact that the decaging processes at the neighboring g-shells
between generational shells, it is helpful to attempt an inter- gccur at distinct time scales. The ratio increases since beads of
pretation for the peak-shaped temporal evolution of the mobility the outer g-shell approach the escape-time while those belonging
ratios. Examination of the time dependence of the associatedyq the neighboring g-shell move slowly within the boundaries
MSD curves (not shown here) indicated that the initial rise of f their cage. It peaks at a time after the onset of decaging of
the mobility contrast is due to a lower increase rate of the MSD he gyter g-shell’'s beads and starts decreasing close to the time
of the next-to-the-outer g-shell compared to that of the outer ¢ ihe escape of the inner g-shell’s beads from their cage.
shell’s. This tendency continues up to the characteristic time ) . ) . i
where the ratio assumes its maximum. The drop that follows is B Local Reorientational Motion. Bond reorientational
triggered by a sudden increase of the next-to-the-outer shell’'sMotion is a local relaxational mechanism directly related to
MSD. Such behavior is compatible with a motional confinement/ -Télaxation, which is associated with the length and the time
release process which presumably is activated with a time lagScale of the cooperative rearrangements close to the glass
in beads belonging to different generational shells. A mechanism transition?-*2This motion becomes experimentally accessible
like that has already been described for a number of different via the spin-lattice (T1) relaxation time in nuclear magnetic
systems and is related to the escape of the glass-forming unitge€sonance measuremeftghe latter is calculated through the
from a “cage” formed by their immediate neighb8#sThe spectral density(w) = Y,/ ,P(t)€t dt which involves the
representative time scale for this escape mechanism (decagingpecond-order bond orientational correlation functfu(t) =
is usually placed at the crossover region between a subdiffu- /203[h(t)-h(0)]> — 10(h symbolizes the unit vector along an
sional and the diffusional regime characterizimgelaxation. examined bond). CDV
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1.0 T v T T v temperature at which the intermediate process appears practically
1 2 G5-g5 coincides with the “high temperature” nominal glass transition
084 % ] as detected from the dependence of the specific volume and
] § from theRratio in the G5 systems (section IIl). For comparison
0.6 o | purposes, Figure 12 presents the temperature dependence of the
}f@ 044 " 1 DRTs corresponding to bond reorientational spectra describing
' outer g-shells for all the models. As pointed out in the relevant
024 | plots (short dashed arrows), the occurrence of an additional
process is also noted in spectra corresponding to the nominal
0.0 e . S— glass-transition temperatures in G3 and G4 models. Spectral
0254 o ook, o 750K A features of the intermediate peak, like its relatively fast time
0.20 i 700K Z 650K i | scale, its _v_veak temperature dep.endence (as inferyed frpm its
' N N 1 \bo\ﬂr peak position), and its low amplitude, are compatible with a
20454 o \ i rather fast and localized motion.
i: x A reasonable candidate for such a mechanism is the less-
0101 hindered motion of bonds close to the dendrimer periphery. This
0.054 notion is corroborated by the fact that this peak assumes its
T higher amplitude for bonds belonging to the outer g-shell, while
0.00-F for g-shells closer to the dendrimer core (relevant DRTs are
10° 10" 10° 10° 10* 10° not shown here) its amplitude is rapidly reduced. This scenario
t,/ps implies that close proximity to the glass transition induces some

Figure 11. Upper panel: reorientational correlation functions for bonds kind of dynamic “microphase separation” between fast and slow
belonging to the last generational shell (g5) of the G5 dendrimer in relaxing bonds, its signature being the appearance of the
different temperatures. Lines through the points denote the fits resulted jhtermediate peak. Since the percentage of bonds close to the
from the DRT analysis. Lower panel: corresponding DRTS. periphery is significantly reduced due to the backfolding efféct,
the amplitude of this peak is rather low. Moreover, because of
the lower energy barrier that such a motion would need to
overcome, the apparent temperature dependence of its charac-
teristic time appears to be very weak. The slower process,
herefore, could be attributed to relaxation of the majority of
he bonds (hence the much higher amplitude) which “feel” the
proximity to the glassy state in a more drastic manner, in the
sense that complete loss of the orientational memory would
involve the cooperative motion of neighboring beads and the
reorientation of the entire dendrimer molecule (hence the slower
time scale), which become increasingly difficult close to glass
transition. An analogous dynamic process arising from “free”
gond reorientation close to glass formation in linear polymers
would be harder to detect due to the much lower amplitude
that such a mode would possess (few bonds close to the chain
ends would only participate). The significant increase of the
slower mode’s amplitude close to the nomifiglis indicated

in Figure 12 by double arrows. A similar augmentation of the
slower peaks’'s amplitude takes place close to the “lower
temperature” nominal glass transition for the G5 system, alluding
to the existence of a “second level” freezing-in event in the
large system.

As shown in our previous study,this dynamic probe is
sensitive to the proximity to the glassy state, tracking down the
anticipated slowdown in local motion. To substantiate whether
the mobility contrast observed within the dendrimer structure
by means of bead displacements is reflected on the correlate
bond reorientation as well, we have separately calculBs&dl
for bonds in different g-shells. Analysis of dynamic spectra was
performed by calculation of the distribution of relaxation times
(DRT).22 In the context of this method, dynamic spectra are
described as a continuous superposition of single-exponential
processes with a distribution functidifin 7) which is normal-
ized in the logarithmic scale. Motional mechanisms well
separated in time scale appear as different peaks in the calculate
distributions. In the case of almost symmetric peaks, a good
estimation of the characteristic time (CT) for each process can
be extracted from the time location of the corresponding
maxima. An overall average relaxation time can be calculated
by 7av = JZ.7F(In 7) d In 7, which is equivalent to the time
extracted by integration of the correlation function.

An example of calculated correlation functions together with
the corresponding distributions are displayed for the outer g-shell
of the G5 dendrimer in Figure 11. Analogous spectra for the ) ) ) )
G3 and the G4 systems have been described elsedhdisual On Fhe basis of t_he above scenario, we can now ranongllze
inspection of the correlation functions attests to the shift of their the shift of the maxima of the MSD ratios to longer times with
tails to longer times as the temperature decreases. On the basigendrimer size (inset in Figure 9b), as described in section IVA.
of the spectral features of the distributions, one can divide them BOnds closer to the surface may relax faster, while for bonds
into two groups: those below 650 K and those above. In the F:Ioser to the core the entire mpleculg reorientation plays amore
“high temperature” group, the DRTs are characterized by two important role. In low dendrlmer sizes glopal rotation is a
peaks: one due to an ultrafast process at the picosecond timd€latively fast process, keeping thus dynamic contrast among
scale exhibiting a virtually temperature-independent CT and one 9-Shells at low levels. As size grows global reorientation
with a strongly temperature-dependent peak-position. The formerP&comes significantly slower, creating a stronger dynamic
can be ascribed to fast librational motions around the torsional contrast between g-shells, which can be manifested as an
energy minima23 while the latter is apparently responsible increasing time lag in their corresponding decaging processes.
for the observed dynamic slowdown as the temperature de- Figure 13 portrays the temperature dependence of inverse
creases. At 650 K, the slow process appearing in the spectra ofaverage relaxation times extracted from spectra of different
the first group splits into two maxima: an intermediate peak g-shells for the two extreme dendrimer sizes. It should be noted
which remains present in all the distributions of the “low that due to the relevant amplitudes and the time scales of the
temperature” group and a slower process that gains amplitudeprocesses (see Figure 12), the average times is influenced the
and shifts to longer times upon temperature decrease. Themost by the slower mode’s behavior. Comparison of the relact'i&/
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F(Int/ps))

F(Int/ps))

Figure 12. A 3-dimensional representation of the distributions correspondiri®, worrelations functions for the outer g-shells. Distributions at
which the intermediate process appears at first are drawn with a triangle symbol, and the peak position is marked by a dashed arrow. Long arrows
follow the peak positions of the detected processes. Double arrows indicate the change in amplitude of the slow process (see text).

LI L L ] The change in slope in the G3 model (Figure 13a) apparently
represents the dynamic signature of the glasslike transition which
is in consensus with the one identified by the static properties
(Figures 7 and 8). The same conclusion can be drawn for the
G4 model as well. For the G5 system, application of the iterative
linear regression analysis described in section 1l implies two
consecutive changes in slope as schematically shown in Figure
1 13b. The characteristic slope-change temperatures are in close
4 agreement with the ones which provide a better description of
3 the specific volume and thR ratio data (Figures 7 and 8).
Temperature dependencies of the times describing reorientational
motion at the outer g-shell (which is comprised by more than

4> o nm

18 b' ‘e g3 e ] half of the total number of bonds in each molecule) are collated
0.01 4 G)5 A g4 4 - in the inset of Figure 13b, where the effect of molecular size is
E v g5 E clearly manifested.
“1E-3 V. Summary/Conclusions
- 1E'3_§ "}154 3 In this work we have presented results from MD simulations
& ] 1 of AB,-type dendrimer melts, exploring the effects of topology
& ° l 15 1 and size in local structural and motional characteristics associ-
Lt NP 12 141618 20 22 24 26 28 39 ated with the observation of glass-transition phenomena.
° 44 Information arising from examination of static/conformational
* features shows that glassy behavior is sensitively reflected to
1E intramolecular Iocal pac_king characteristics as demonstrated by
12 14 16 18 20 22 24 26 28 30 the R ratio behavior (Figure 7). Intermolecular factors enter

1000/T (K through the dendrimer interpenetration (Figure 6) and affect

. o . mainly less localized conformations (Figures 4 and 5). The lower
Figure 13. Inverse averag®, bond relaxation times for different d fi . b din the | dendri
g-shells. Error bars are estimated to be of the order of the symbols’ egre_e 0 'nterpenetrat'or_] observed in the afgef endrimer,
size. Lines denote the different slopes describing the data (see text).combined with the almost “in-phase ” response of intramolecular
(a) G3 model and (b) G5 model. Double arrows denote the difference (R ratio, Figure 7) and system-wide “glass probes” (specific
in relaxation rates between the two outer g-Shells for the G3 model. Volume, Figure 8) on temperature Variation, |mp||es that in |arge

The same arrows are translated at corresponding temperatures of th - - : : b
G5 system to show relative differences in relaxation rates between the%endrlmer systems changes in volumetric properties are mainly

two models. Inset depicts the temperature dependence of inversedriven by intramolecular structural rearrangements.
relaxation times for the outer g-shells of the examined models. As the size of the dendrimer grows, mobility contrast between

different g-shells is progressively increasing (inset in Figure 10b,
behavior for times describing equidistant-from-the-outer g-shells Figure 13). For constant dendrimer size, the time scales
reveals that in the higher generation dendrimer at temperaturesgoverning such bead rearrangements vary within the dendritic
above the transition the dynamic contrast is enhanced. The sizestructure as evidenced by examining the MSD ratios (Figure 9)
of the double arrows appearing in Figure 13a denotes the and the occurrence of distinct decaging times of beads belonging
differences in the logarithms (and thus the ratios in linear scale) to different generational shells (Figure 10). Upon temperature
of the relaxation rates describing the two outer g-shells of the decrease, a further enhancement of these dynamic heterogene-
G3 model. Thesamearrows are translated to the respective ities may shift time scales for local motion sufficiently far apart
inverse temperatures of the two outer g-shells in the G5 model for distinct freezing-in times to be realized (Figure 13).
(Figure 13b). The distances in the larger size model have beenWhenever such a freezing-in event of local motion occurs,
increased compared to the smaller size one, by approximatelystructural rearrangements are arrested and a glasslike transition
40% and 14% at temperatures 750 K and 700 K, respectively. is observed. Particularly for the beads belonging to the 088{/
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g-shell, a number of which are located at the periphery while a (8) Garcia-Domenech, R.; de Julian-OrtizJJPhys. Chem. B00Z 106,
part of them are backfolded toward the center of the structure, © lRS%téert 3-PComput. Phys. Commuaoos 169,89

dynamic heterogeneity close t(.) glass transition is manifested (10) Kglakkun’na.th, S, Igalilka, )IS Lin, H.; Freeman,’IEa.cromolecuIes

by the appearance of two motional processes (apart from the 2005 38, 9679.

ultrafast librational mode) in the reorientational motion of bonds (11) Anastasiadis, S.; Karatasos, K.; Vlachos, G.; Manias, E.; Giannelis,
connecting them. The one characterized by the faster time which ~ E. Phys. Re. Lett. 200Q 84, 915.

shows the weaker temperature dependence can be attributed t62) Zszrgi{réée.; Bedrov, D.; Borodin, Ghys. Re. Lett. 2003 90, art. no.

the relatively free motion of bonds close to the periphery. The (13) serghei, A.; Kremer, FPhys. Re. Lett. 2003 91, art. no. 165702.

slower mechanism represents bonds for which complete l0ss(14) Ediger, M.Annu. Re. Phys. Chem200Q 51, 99.

of orientational memory would involve cooperative rearrange- (15) Pham, K.; Puertas, A.; Bergenholtz, J.; Egelhaaf, S.; Moussaid, A.;

ments of neighboring beads as well as reorientation of the entire gggei’bz-? Schofield, A.; Cates, M.; Fuchs, M.; PoonSalence2002

molecule, which are strongly temperature-dependent processes('16) YiIinrim,'Z.; Wuebbenhorst, M.; Mendes, E.; Picken, S.; Paraschiv,
Although specific topological details of the dendritic structure I.; Marcelis, A.; Zuilhof, H.; Sudhoeler, Bl. Non-Cryst. Solidg005

(i.e., different spacer length between branching points or 2622.

different branching functionality) may result in certain dif- (17) ;llignauti, G.; Bardeau, J.; Gibaud, A.; Grohens L&ngmuir2005

ferentiations from the conclusions drawn here, it is believed (18) Wi’dgrggnh’ A.: Davies, GComput. Theor. Polym. S998 8, 191.

that the results described in this work capture generic features(1g) chai, M. H.: Niu, Y. H.; Youngs, W. J.; Rinaldi, P. 0. Am. Chem.

of the dendrimer glass behavior. Future, more systematic Soc.2001, 123,4670.

experimental studies with sufficient spatial and temporal resolu- (20) AKf_Ugglrl,e Jr JK L'/gir:EéI'V'-’\:/IE':ﬁzsé?éésiésl\gggglg%fgn;h W.; Le Coutre,

tion (e_.g., nuc'§ar magnetic reso_nance studies or n(:"Utron(21) Fc;rester,’T.;’ Smith, W CCLRC, Daresbury Lal;oratory. Daresbury,

scattering experiments) would certainly help toward the assess-" ™" \yarrington Wa4 4AD, EnglandDL_POLY is a parallel molecular

ment of such issues. dynamics package developed at Daresbury laboratory, and is a property
of the Council for the Central Laboratory of the Research Councils

; g (CCLRC).
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