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Fully atomistic molecular dynamics simulations are employed in order to examine static and dynamic
characteristics of a hyperbranched poly(ester amide), Hybrane, in the bulk state. The force field used is validated
via a comparison to available static, dynamic, and thermodynamic data. Properties pertinent to both local and
global length scales like atomic and molecular spatial arrangement, bond-reorientation dynamics, shape and
size fluctuations, rotational motion of the whole molecule, and diffusional motion are examined in detail in
order to assess the relation between microscopic mechanisms and macroscopic behavior. The atomistic-level
detail of the model utilized allows a close examination of the intra- and intermolecular hydrogen-bonding
formation and the relevant residence time scales; these are among the key factors that determine the behavior
of such polymers in the nanoscale, important for a wide range of applications. The detailed nature of the
present investigation will provide insight in a more general basis for the behavior of nonregularly branched
polymers of comparable molecular weight and similar chemical composition.

Introduction

Hyperbranched polymers have emerged during the recent
years as a promising class of versatile materials for a broad
range of novel nanoscale applications.1,2 Their multiple func-
tionality combined with their suitable nanosized dimensions and
their cost-effective synthesis procedures, as compared to den-
drimers, suffice to classify them as particularly suitable candi-
dates for applications where up to now expensive regularly
branched dendritic molecules had been utilized.3-6 A particular
class of hyperbranched molecules, which belong to the poly(ester
amide) family,7,8 are now produced on an industrial scale at a
very competitive cost bearing the commercial name Hybrane.9

These molecules are already being utilized as key components
in several high-added-value applications (e.g., in nanolithogra-
phy,10-12 as dispersion agents,13 surface modifiers,14 etc.) while
they appear as promising candidates for cost-effective pharma-
ceutical (e.g., drug delivery15) formulations. However, despite
their great industrial importance, only a few experimental studies
have addressed issues related to their detailed characterization
and their structure-properties relationships.8,9,16 On these ac-
counts, a more profound understanding based on a molecular-
level picture, regarding the microscopic mechanisms responsible
for the manifestation of their macroscopic properties, is highly
desirable.

Computer simulations constitute a key tool that can provide
information at any level of detail required, particularly when
performed in a fully atomistic level. Along these lines, we have
performed atomistically detailed molecular dynamics (MD)
simulations in order to examine for the first time the behavior
of a water-soluble and biocompatible poly(ester amide) molecule
(Figure 1) in the melt by means of molecular dynamics

simulations, thereby examining certain characteristic static and
dynamic properties over different length and time scales. In
addition, particular attention has been paid to the study of the
formation and the residence time of intra- and intermolecular
hydrogen-bonding pairs, because of their significance in mech-
anisms related for instance to the formation of hydrogen-bond-
driven physical polymeric networks,17 to the solubilization
behavior of hydrogen-bonded systems,18,19 and to the potential
of forming hydrogen-bonding-mediated noncovalent complexes
with other moieties.19-21

Simulation Details

Melt samples comprising 40 Hybrane molecules in fully
atomistic representations were constructed by the aid of the
Amorphous Cell algorithm.22 The AMBER force field23 was
employed for the construction of the models and throughout
all the other stages of the simulation. This force field has been
successfully utilized in analogous simulations of other hyper-
branched systems,24,25 and it accounts for both bonded (bond
stretching, angle bending, torsional rotation) and nonbonded
interactions (van der Waals, Coulombic). Partial charges were
assigned according to the Gasteiger method26 while all elec-
trostatic interactions between them were calculated via full
Ewald summation.27 The non-Coulombic nonbonded interactions
were modeled via a 12-6 Lennard-Jones potential (with a cutoff
radius of 10 Å) while for interactions between hydrogen bond
donors and acceptors (hydroxyl oxygen, hydroxyl hydrogen,
carbonyl oxygen) a 12-10 potential was employed.28

The adopted simulation protocol involved the creation of the
starting melt configuration at an elevated temperature and
successive molecular dynamics cooling steps of 50 K every time
under conditions of constant pressure (P ) 1 atm) and
temperature (NPT ensemble). The systems spent several hundred
picoseconds (in 1 fs steps) at each cooling step, depending on
the temperature (the lower the temperature the longer the NPT

* To whom correspondence should be addressed.
† Aristotle University of Thessaloniki.
‡ Foundation for Research and Technology-Hellas.
§ University of Crete.

J. Phys. Chem. B 2009, 113, 5356–53685356

10.1021/jp8097999 CCC: $40.75  2009 American Chemical Society
Published on Web 03/30/2009



equilibration) followed by 40 000 to 100 000 steepest-descent
and conjugate gradient energy minimization cycles. Prior to
production runs in the constant energy ensemble (NVE), 2-4
ns of further molecular dynamics runs in the isobaric-isothermal
ensemble were performed, until standard equilibrium criteria
were met regarding the energy (stabilized potential and total
energy with small relative energy fluctuations), the thermody-
namics (stable average of the specific volume), and the
conformation of the molecules (stable average of radius of
gyration). Figure 2 shows the structure obtained after application
of the above-described equilibration protocol at T ) 510 K.

Ensuing the equilibration steps, production trajectories of 2-8
ns (depending on the temperature) in the NVE ensemble
(employing periodic boundary conditions) with a time step of
1 fs and frame-saving frequency of 1 ps were generated.29 The
size of the cubic simulation cell at NVE runs (as determined
by the preceding NPT runs at each temperature) varied ap-
proximately between 47 and 50 Å.

Static and Structural Properties

The temperature dependence of the specific volume at the
end of the NPT equilibration runs can be used in order to
identify the glass transition temperature (Tg) of the Hybrane melt,
as is shown in Figure 3.

The nominal glass transition temperature, Tg, as determined
by the change in slope30,31 was found to lie within 43 and 63
°C. Experimentally, the glass transition temperature of the
studied Hybrane molecule was found15 to be in the range of
40-50 °C (in that reference, the molecule corresponding to our
study is referred to as H1200). Apart from the fact that the
effective simulation “cooling rate” is much higher compared
to a typical experimental one (10 K/min), other factors that could
trigger deviations between the simulation and the experimental
Tg value are the polydispersity of the actual molecules32 as well
as the possibility of the existence of traces of solvent used in

Figure 1. Chemical structure of the examined molecule.

Figure 2. Snapshot of an equilibrated Hybrane melt at T ) 510 K.

Figure 3. Specific volume as a function of temperature determined
by the NPT simulation runs. Straight lines denote linear least-squares
fits for the melt and the glass regions. The double arrows mark the
temperature range, where a change in slope is detected due to the glass
transition temperature.
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the synthesis procedure or traces of adsorbed water, which would
lower the experimentally determined Tg.33 Measurement of the
density of the actual Hybrane sample supplied by DSM at
ambient temperature (buoyancy method, ASTM D792) rendered
a density of 1.18 g/cm3 only about 2% higher compared to the
value estimated from the simulation results.

The spatial arrangement of the Hybrane molecules in the melt
was examined by evaluating the static structure factor arising
from the centers of mass of the molecules according to eq 1

where q refers to the magnitude of the scattering wave vector.
N is the number of the molecules in the simulation box (here
40) while indices i,j correspond to different molecules. The
angular brackets denote both ensemble and time averages.

Figure 4 shows the static structure factors determined by the
above procedure at temperatures well above as well as close to
the detected glass transition temperature. In all cases, the spectra
exhibit a narrow maximum prior to the main peak. Taking as
reference the magnitude of a scattering vector (q*) correspond-
ing to a center of mass separation of 2Rg, the narrow maximum
corresponds to approximately 25% larger distance. The appear-
ance of this peak is consistent with a clustering mechanism
between Hybrane molecules, much in analogy to the behavior
characterizing associated colloidal34 and hyperbranched35 sys-
tems. The driving force for such an associative behavior between
Hybrane molecules is most probably the hydrogen bond
formation as found in other polymeric systems;36 this will be
discussed in detail later on in the present paper. The peaks
appearing at larger q values indicate a liquidlike arrangement
of the centers of mass over shorter distances; the main peak at
q/q* ∼ 1.4 corresponds to the first neighbors at distances ∼1.4Rg

(the radii of gyration ranged between 7.6 and 8.1 Å at the lowest
and the highest examined temperatures, respectively).

To visualize the changes in density within an individual
molecule, the distribution of density is constructed with respect
to the molecular center of mass. The intra- and intermolecular
contributions are shown separately in Figure 5. At high
temperatures the intramolecular contribution assumes its larger
value close to the center of mass exhibiting a gradual monotonic
decrease near the periphery. In this temperature range (Figure
5, main panel), the intramolecular density profiles gradually

become narrower assuming higher maximum values and shifting
the location of their maximum to distances closer to the center
of mass as the temperature decreases. Interpenetration from
neighboring molecules becomes appreciable only at distances
comparable to half the radius of gyration of the molecules. Upon
decreasing temperature the degree of interpenetration (i.e., the
degree of overlap between intra- and intermolecular distribu-
tions) grows, while the intermolecular profiles level off at values
corresponding to the average system density at every temperature.

At low temperatures, however, characteristic changes take
place. Distinct density areas apparently develop in the intramo-
lecular density profiles, as indicated by the emergence of
separate peaks at distances close to the center of mass (inset of
Figure 5), while, on the other hand, the degree of interpenetration
from neighboring molecules increases significantly. Such changes
within the hyperbranched structure upon decreasing temperature
are reminiscent of those observed in regular-branched dendrimer
systems,37,38 indicating the direct effect of the proximity to the
glass transition region to the local packing in the atomic and
the molecular scale. Note that this effect is observed even
for the highest temperature in the inset, which is 70-90 K above
the estimated Tg of our system (Figure 3).

Solubility Parameters

The miscibility of the studied molecules with other com-
pounds is one of the key properties for a number of potential
applications,3,13 particularly for those where the hyperbranched
structure is meant to be exploited in order to promote solubi-
lization of otherwise insoluble moieties (e.g., drugs or other
substances of biomedical interest).15 Recent experiments39

employing inverse gas chromatography (IGC) have provided
relevant data for the partial solubility parameters at temperatures
close to those examined in the present computational study. We
have calculated the total as well as the partial solubility
parameters arising from van der Waals, hydrogen-bonding, and
polar interactions and compared them to the corresponding
experimental values in order to check the ability of the present
model to reproduce thermodynamic data that are particularly
sensitive to the adopted energetic parameters and the relevant
molecular conformations. The solubility parameters were esti-
mated using the calculated values of the cohesive energy
density40,41

Figure 4. Static structure factor arising from the centers of mass of
the molecules (shown for temperatures at which NVE runs were
performed). The x-axis is normalized to the q value corresponding to
an intermolecular separation of twice the radius of gyration.

SCM(q) ) 1 + 1
N〈 ∑

i)1

N

∑
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N sin(qrij)
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Figure 5. Density distributions with respect to the molecular center
of mass, where the intra- and intermolecular contributions are shown
separately. Arrows denote the direction of decreasing temperature. The
temperatures range from 765 to 355 K as in Figure 4. The intramolecular
distributions for temperatures 765-460 K are shown in the main panel
whereas those for temperatures 405, 370, and 355 K are shown in the
inset.
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Here Ecoh
k represents the cohesive energy of intermolecular origin

due to the kth energetic component (k ) d, p, h for dispersive
(d), polar (p), and hydrogen-bonding (h) energies) and V is
the volume of the system. The different energy contributions
were calculated as time averages from the trajectories of the
equilibrated models. The total solubility parameter δtot is related
to the partial parameters according to δtot

2 ) δd
2 + δh

2 + δp
2,

where δd, δh, and δp denote the partial solubility parameters
arising from the respective energetic contributions. In our
simulations no distinction has been made between dispersive
and hydrogen-bonding contributions; therefore, these terms will
be quoted by one parameter, δdh, which is related to the
individual contributions as δdh

2 ) δd
2 + δh

2. Table 1 lists the
total and the partial solubility parameters for two temperatures
as determined experimentally39 and as calculated from the
present simulations.

Given the polydispersity of the actual sample and the
sensitivity of the relevant calculations, the values from experi-
ment and simulations agree well within the error margins,
lending credibility to the adopted force field and the simulation
procedure. As follows from the partial solubility parameters,
the most significant contribution arises from the combined
dispersive/hydrogen-bonding interactions.

In order to assess the role of intra- and intermolecular pair
interactions, it is informative to obtain an estimation regarding
their relative contributions. This information is valuable if, for
instance, one wishes to quantify the effects of modifying either
peripheral or internal polarizable groups to the solubilization
properties of Hybrane-based systems. Figure 6 presents the
number distribution of pairs separated at most by the van der
Waals cutoff radius as a function of their distance from the
center of mass of an individual molecule. The distance of each
pair is defined as that between the center of mass of a Hybrane
molecule and the atom of the pair, which is closer to the center
of mass. The area under the curves is proportional to the number
of the respective pairs. A direct visual inspection of the pair
number profiles indicates that the intermolecular pairs contribute
the most to the nonbonded dispersive energy (almost twice as
much) compared to the intramolecular ones. The most probable
distance of the intermolecular pairs from the center of mass is
very close to the radius of gyration of the molecule (about 8
Å), while, for the intramolecular pairs, the peak of the
distribution is shifted to a distance moderately closer to the
center of mass. The shape of the intermolecular distributions
remains effectively unchanged for high temperatures, while an
asymmetry in the shape accompanied by a slight shift of the
peak position toward smaller distances is observed for lower
temperatures.

The observed shift is consistent with the enhanced degree of
interpenetration between molecules, while the asymmetry in
shape could be related to the development of spatial heteroge-
neities within the molecular structure upon approaching the glass
transition, as indicated in Figure 5.

Hydrogen Bonding

Apart from contributing to the total solubility parameter via
its contribution to the cohesive energy density, the formation
of hydrogen bonds is one of the key mechanisms for the
potential formation of complexes between hyperbranched
polymers and other molecules19,42 possessing appropriate groups

(e.g., in applications involving blends/mixtures with surfactants
or biological molecules), or the associative behavior observed
in polymeric materials,36 and, thus, important for the physico-
chemical behavior of such systems in different thermodynamic
environments.43 Hybrane possesses atoms which can act as
donors or acceptors in hydrogen bond pairs, and the existence
of hydrogen bonding has been verified by infrared (IR)
spectroscopy experiments in the bulk through the shifts of the
characteristic absorption bands of the carbonyl and hydroxyl
groups.33 It is, therefore, of interest to examine the extent of
hydrogen bond formation both of intra- and intermolecular
origin.

Along these lines, we have examined the radial distribution
functions between characteristic donor-acceptor pairs, namely
hydroxyl oxygen (OH)-hydroxyl hydrogen (HO), ester carbonyl
oxygen (OS)-hydroxyl hydrogen (HO), and amide carbonyl
oxygen (OA)-hydroxyl hydrogen (HO). To identify the peak
associated with hydrogen-bond formation, we have utilized as
criteria the characteristic hydrogen-acceptor distance and the
angle � formed by two electronegative atoms A, B and the
hydrogen (i.e., the A-H-B angle). As documented in early
studies,44 genuine hydrogen-bond formation commonly requires
that � is larger than �0 ≈ 140°, while in the majority of cases
(including hydrogen bonds between carbonyl oxygens and
hydrogen45) the H · · ·O separation lies within 1.8-2.0 Å. To
check the fulfillment of the above criteria, we have constructed
radial distribution functions involving the aforementioned atomic
pairs, taking into account only those pairs for which � is larger
than a specified value �0. Figure 7 shows such intra- and
intermolecular functions at one temperature (T ) 460 K) for
one of the studied pairs (H-OA), at � > �0 ) 0 (all pairs are
taken into account), � > �0 ) 120°, and � > �0 ) 140° (the
behavior at all other temperatures and for all the studied pairs
is similar).

Apparently, the larger the �0 the more intense and the better
separated the peak close to 2 Å distance becomes. On the
grounds of the aforementioned criteria, we can attribute this
maximum to hydrogen-bond formation. For the HO-OH pair
(not shown here), the expected hydrogen-bond-related peak at
∼2 Å separation is discernible even at �0 ) 0° and it is
significantly intensified as �0 increases as well. Since at � >
140° the H · · ·O peak is well resolved for all the examined pairs,
we will use �0 ) 140° for the presentation of all pair correlation
functions, as well as for the determination of the range of
separations over which the “hydrogen-bond” peak (HBP)
extends, for all the examined pairs.

Figure 8 presents the temperature dependence of the pair
correlation functions for the HO-OA and HO-OH pairs,
resolved in intra- and intermolecular parts (the behavior for the
HO-OS pair, not shown here, is analogous to that of OH-OA).

Focusing on the intramolecular curves (Figure 8a,c), it appears
that the relative intensity characterizing HBP does not exhibit
any systematic dependence on temperature for the HO-OH
case, while for the HO-OA pair a trend toward an increasing
intensity seems to describe the corresponding HBP behavior as
the temperature decreases. In both cases, however, the HBP
appears to be better resolved (note the lowering of the minima
after the HBP) upon decreasing temperature. This effect can be
attributed to the decrease of the kinetic energy of the atoms,
which promotes the stability of the formed hydrogen bonds.
However, a systematic increase of the HBP intensity can be
observed in the intermolecular correlation functions (insets of
Figure 8b,d) for both hydrogen-bonding pairs. This behavior is
consistent with the increase of the degree of interpenetration

δk ) �Ecoh
k

V
(2)
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between the Hybrane molecules upon densification of the
system, which, in turn, increases the probability of closer
contacts between intermolecular donor-acceptor atoms.

At constant temperature, a rough estimate regarding the
relative probability of hydrogen-bond formation between the
examined atomic species can be made by comparing the relative
intensities of the respective HBP’s appearing in the pair
correlation functions. Figure 9 illustrates such a comparison for
the intra- and intermolecular cases at one temperature (T ) 460
K).

The observed behavior is representative for the other tem-
peratures as well. Comparing the relative intensities of the
hydrogen bonds involving carbonyl oxygens for the intramo-

lecular case, it seems that formation of HO-OS hydrogen bonds
is more favorable compared to the HO-OA pair, despite the fact
that the number of OA sites per molecule (8) is larger than the
one of OS (6) (see Figure 1). The intensity of the HO-OH
intramolecular HBP is comparable to that corresponding to the
HO-OS analogue. On the other hand, the relative probability
of formation of intermolecular hydrogen bonds is comparable
among the examined pairs. The picture emerging from Figure
9 provides a fair description over the entire temperature range.

In order to explore a dynamic aspect associated with hydrogen
bonding, we have calculated a survival time correlation function
defined as,46

where pij(t) takes the value of 1 if the hydrogen bond that exists
between the ith and the jth atoms at t ) 0 survives at time
t > 0 and 0 otherwise. The summation runs over all the atomic
pairs, which are found to form a hydrogen bond at t ) 0. Due
to the subpicosecond time scales anticipated for hydrogen-bond
lifetimes,47,48 we have specifically generated trajectories with a
frame-saving frequency of 2 fs, so that we can explore the
dynamics of hydrogen-bonding behavior at a wider temporal
window. The obtained dynamic functions were analyzed by
determining the distribution of exponential relaxation times
(DRT).49,50 According to this method, a dynamic function is
considered as a continuous superposition of single exponential
processes: C(t) ) ∫-∞

∞ F(ln(τ)) e-t/τ d ln τ, where F is the
obtained DRT. Relaxation times corresponding to different
dynamic mechanisms (appearing as different peaks in the
distribution) are estimated via the first moment of the calculated
distribution function F(ln(τ)) over the pertinent time range. If
the entire time window is taken into account, an overall average
relaxation time equivalent to integrating the dynamic function
can be calculated instead. For dynamic processes represented
by symmetric peaks in the distribution, the time location of the
corresponding peak provides a good estimation of the charac-
teristic relaxation time.

Figure 10 presents the hydrogen-bonding survival correlation
functions (eq 3) as a function of temperature, arising from intra-
(Figure 10a) and intermolecular (Figure 10c) HO-OH pairs,
together with the corresponding distributions of relaxation times
(Figure 10, b and d, respectively). Focusing on the intramo-
lecular pairs (Figure 10a), it may clearly be discerned either
from the survival functions themselves (note the two-step decay)
or from the corresponding distributions (existence of two peaks)
that two very different time scales characterize the HO-OH
intramolecular hydrogen-bonding dynamics. The longest one,
described by the slower of the two processes (Figure 10b), is
of the order of hundreds to thousands of picoseconds (as implied
by the location of the corresponding maxima) and depends
strongly on temperature (the lower the temperature the longer

TABLE 1: Comparison of the Total and the Partial Solubility Parameters between Experiment39 and Simulations from the
Present Worka

temp (K) experiment simulation

expt (sim) δtot (MPa)1/2 δdh (MPa)1/2 δp (MPa)1/2 δtot (MPa)1/2 δdh (MPa)1/2 δp (MPa)1/2

368.1 (370) 15.16 ( 0.49 14.82 ( 1.3 3.32 ( 0.12 16.04 ( 1.22 15.48 ( 0.71 4.17 ( 2.09
358.1 (355) 15.67 ( 0.39 15.38 ( 1.2 2.99 ( 0.10 16.16 ( 1.21 15.79 ( 0.69 3.39 ( 2.50

a In the first column the simulation temperatures appear in parentheses.

Figure 6. Number distributions of pairs contributing to the dispersive
energy. Open and solid symbols represent intramolecular and inter-
molecular contributions, respectively, while lines correspond to the
overall distributions.

Figure 7. Inter- (upper panel) and intramolecular (lower panel)
correlation functions of the hydroxyl hydrogen (HO) and amide
carbonyl oxygen (OA) pairs at different �0 angles (see text) at T )
460 K. The vertical dotted lines denote the maximum separation at
which the HO-OA pairs are considered to form a hydrogen bond.

P(t) )
∑ (i, j)

pij(t)

∑ (i, j)
pij(t ) 0)

(3)
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the characteristic time). The short time scale is of the order of
10 fs, and the corresponding peak presents features (position
of maxima and width) practically unaffected by the temperature
changes in the examined temperature range. The considerably
higher amplitude (i.e., area under the peak) of the faster process
compared to that of the slower one indicates that this is the
principal mechanism via which hydrogen-bonding dynamics is
realized for the examined donor-acceptor pair. The intermo-
lecular spectra (Figure 10d) are characterized by a single process
at a time scale of ∼10 fs (similarly to the fast intramolecular
one) with a temperature-insensitive width and time scale. The
principal disparity in the behavior of the intramolecular OH-OH
pair (Figure 10a,b) with that describing the intermolecular
hydrogen-bond analogues (Figure 10c,d) is the effective absence
of a long time scale mechanism as implied by the vanishing
amplitude of the peak at the long time scale regime (Figure
10d). The fast relaxation process exhibits features similar to

those characterizing the corresponding intramolecular peak
indicating a common underlying mechanism.

Figure 11 presents plots analogous to those of Figure 10 but
for the HO-OS hydrogen-bond pair. A description similar to
that of the HO-OH pairs applies for the case of HO-OS
analogues, for both the intra- and intermolecular pairs. The
behavior of the HO-OA pairs is in complete analogy as well.
From a direct visual inspection, a notable difference between
the two sets is the considerably higher amplitude of the slower
process in the HO-OH intramolecular pair (Figure 10b)
compared to its HO-OS one (Figure 11b). This implies that
the mechanism related to the slow process is much more
significant for the HO-OH pairs in the long-time limit.

To follow the temperature dependence of the two time scales
appearing in the hydrogen-bonding time survival spectra, we
have calculated the times corresponding to the two peaks
appearing in the respective DRTs and constructed the Arrhenius

Figure 8. Temperature dependence of the OH-OA (a, b) and OH-HO (c, d) pair correlation functions at �0 ) 140°, separated into the intra- (a, c)and
intermolecular (b, d) contributions. The dotted vertical lines denote the location of the peak due to hydrogen-bond formation. Insets show a magnification
of the corresponding main graphs in the range of distances over which the “hydrogen-bond” peak extends.

Figure 9. Comparison of the intra- (left) and intermolecular (right) contributions of the examined pair correlation functions at constant temperature
T ) 460 K.
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plot shown in Figure 12. The abbreviations appearing in the
legend are as follows: A stands for intra, E for inter, F for fast,
and S for slow. Therefore, for example A-S means intraslow,
E-F means interfast, and so on. The rates (inverse times) of the
fast process lie within the same range for all the examined pairs
and exhibit a very weak temperature dependence. On the other
hand, the slow process of the HO-OH intramolecular pair
shows a stronger temperature dependence (its time scale
increases upon decreasing temperature). The rates corresponding
to the slow process of the HO-OA and HO-OS pairs appear
to follow a very weak temperature dependence as well, but this
can be attributed to the rather low amplitude of the associated

process (see Figure 11b), which introduces a large uncertainty
in the analysis.

The fit of the data to the Arrhenius equation results in an
activation energy for the fast process of 5.1 ( 1.1 kJ/mol while
a fit to the slow HO-OH process yields a value of 12.1 ( 0.2
kJ/mol. Due to the definition of the relevant pair correlation
function, the calculated activation energies may deviate from
the characteristic energy of a hydrogen bond as extracted, e.g.,
from spectroscopic experiments; however, the so-calculated
activation energy of the fast process, which corresponds to a
time scale close to the expected hydrogen-bond lifetimes,47,48

lies within the range characterizing normal-to-weak hydrogen

Figure 10. Combined high (2 fs) and lower resolution (1 ps) survival time correlation functions for the HO-OH pairs arising from hydrogen
bonds of intra- (a) and intermolecular (c) origin. The lines through the points denote the fits resulting from the DRT analysis. Lower panels (b,d)
show the corresponding time distribution functions. Only temperatures at which complete decorrelation is reached are shown.

Figure 11. Combined high (2 fs) and lower resolution (1 ps) survival time correlation functions for the HO-OS pairs arising from hydrogen bonds
of intra- (a) and intermolecular (c) origin. The lines through the points denote the fits resulting from the DRT analysis. Lower panels (b,d) show
the corresponding time distribution functions. Only temperatures at which complete decorrelation is reached are shown.
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bonds.51 The larger activation energy of the slow HO-OH mode
combined with its longer relaxation time imply a possible
connection to a more sluggish long length scale motion.

To understand the physical origins of the two processes
appearing in the hydrogen-bonded pairs, we can compare the
spectral features characterizing the respective peaks in the
distributions and the related relaxation times. The very short
time scale of the fast process and its constant amplitude in the
high temperature regime are consistent with a hydrogen-bond
formation/breaking process.47 The slowing down observed at
low temperatures could be related to the overall slowing down
of the system as it approaches the glass transition (e.g., via the
slowing down of the motion of the covalent bonds in which
the donor and the acceptor participate). Since the slow process
is present in the dynamics of intramolecular pairs and is absent
in that of the intermolecular pairs, it should be related to a
motional process of intramolecular nature and, thus, to the
internal dynamics of an individual molecule. Light into the
origin of the slow process in the intramolecular pairs can be
shed by the apparent temperature dependence of its characteristic
times (based on the behavior of the OH-OH data, for which
one can be highly confident); the temperature dependence is a
key feature of polymer dynamics at the segmental or the entire
molecule scale.52 The relation of the slow process to time scales
characterizing internal dynamics of the examined molecule will
be discussed below following the detailed examination of the
motional mechanisms of Hybrane described in the next section.
Such a coupling between conformational transitions of a polymer
and hydrogen-bonding alteration dynamics has already been
observed experimentally in polymer complexes.53

Local and Global Molecular Dynamics

Dynamic properties associated with the polymeric nature of
Hybrane were examined both over the local and over the entire
molecule scale by means of appropriate time correlation
functions (TCF). In particular, TCF’s describing the rotational
motion in both local and global scales as well as the shape/size
fluctuations were calculated. In addition to the calculation of
TCF’s, the diffusive molecular motion was monitored by
following the mean-squared displacement of the center of mass.
For validation purposes, results of the temperature dependence
of relevant relaxation times were compared to data from
rheological measurements of the actual polymer provided by
DSM.

A. Translational Motion. The translational motion of the
molecules in the bulk was probed by calculating the mean-
squared displacement (MSD) of the center of mass as shown in
Figure 13. As expected, a slowing down of the overall motion
is observed as the temperature decreases. At lower temperatures
(still well above Tg), a subdiffusional behavior at intermediate
time scales develops, analogous to the one observed in previous
studies of linear54 or hyperbranched polymers;38 this subdiffu-
sional motion is the precursor of the plateau region associated
to the “caging” of molecules due to the kinetic arrest prior to
the diffusional motion, near to the glass transition temperature.38,54

Diffusional behavior is attained at long times for these
temperatures as can be seen in the inset of Figure 13, where
the effective diffusivities extracted from the MSD data
of the center of mass are shown as a function of time for the
temperatures of Figure 13. The effective diffusivities are
calculated according to

where Rcm(t) is the center of mass vector at time t. The
angular brackets denote ensemble average over the 40
molecules considered, while multiple time origins have been
used in the averaging. The long-range diffusion coefficients
are extracted from the plateau values of Deff at long-times:

The temperature dependence of the diffusion coefficient is
evident from the decrease in the plateau values upon lowering
the temperature, in the inset of Figure 13.

B. Size and Shape Fluctuations and Global Rotational
Motion. The dynamics of size and shape fluctuations can be
probed via the time correlation of the fluctuations of the squared
radius of gyration (Rg)55

Figure 12. Relaxation rates calculated from the DRT analysis for the
slow (S) and the fast (F) processes appearing in the intramolecular (A)
and intermolecular (E) distributions arising from the relevant survival
time correlation functions as a function of inverse temperature. Lines
represent least-squares fits to the Arrhenius equation. For the abbrevia-
tions appearing in the legend, see text.

Figure 13. Main panel: mean-squared displacement of the centers of
mass for different temperatures (only temperatures at which diffusional
behavior was attained within the simulation window are shown). Inset:
effective diffusivities extracted form the mean-squared displacement
data as a function of time. The curves from top to bottom correspond
to the temperatures shown in the main panel, in descending order. The
attainment of a plateau at long times signifies the long-range diffusional
behavior.

Deff(t) )
〈∆r2(t)〉

6t
) 1

6t
〈 |Rcm(t) - Rcm(0)|2〉 (4a)

Dcm ) lim
tf∞

Deff(t) (4b)

CRg
(t) )

〈Rg
2(0)Rg

2(t)〉 - 〈Rg
2〉2

〈Rg
4〉 - 〈Rg

2〉2
(5)
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where Rg ) (1/N)∑i)1
N 〈 |ri - Rcm|2〉. N is the number of all atoms

of the molecule, ri is the position vector of the ith atom and
Rcm the center of mass vector. The correlation function described
by eq 5 provides information regarding the characteristic time
of the “breathing” motion of the molecule.

Figure 14 depicts CRg
(t) at different temperatures. As was

noted for the translational motion as well, a decrease in
temperature results in a retardation of the overall fluctuating
motion of the molecule (note the decay of CRg

(t) at longer time
scales as temperature drops) from hundreds of picoseconds to
nanoseconds. Analysis following the DRT method provides a
good fit to the spectra as indicated by the lines through the data
points.

Because of the nature of the dynamic process described by
CRg

, it is not uncommon, particularly in the case of hyper-
branched molecules56 and even more in the bulk state, where
any long length-scale motion requires the cooperative movement
of the neighboring molecules, that coupling with other global
motional mechanisms takes place. To check whether this holds
true in the case of Hybrane, we have also examined the
dynamics of the overall rotational motion of the molecule. This
can be probed, e.g., by calculating the second-order Legendre
polynomial

of unit vectors ĥ, which connect the center of mass of each
molecule with the individual atoms. Such a correlation function
essentially relaxes via the reorientational motion of the entire
molecule.57

Figure 15 displays the G2(t) spectra at different temperatures,
together with the corresponding fits (solid lines through the data
points) and the respective DRT’s resulting from the applied
analysis. The slowdown of the overall rotational motion upon
decreasing temperature is evident from the shift of the G2(t)
curves to longer times. This retardation of the molecular
reorientation upon lowering the temperature can be visualized
by the analogous shift of the location of the main (slower)
process of the time distribution spectra.

Actually the increase of the width of the slow process upon
decreasing temperature is particularly evident. A broader peak
denotes a larger dispersion in the characteristic times of the
elementary exponential processes, indicative of a more dynami-
cally heterogeneous environment.54,58 The increasing dynamic
heterogeneity is directly linked to the proximity to the glass

transition.38,54 The lower amplitude peak appearing in the DRT
spectra at much shorter time scales can be attributed to shorter-
length-scale motions55,57 of the order of a few bonds, which
relax prior to the complete decorrelation of the overall rotational
motion.

It should be noted here that the observed orientational
relaxation spectra cannot be accounted for by simple Rouse or
reptation-like theories applied to linear polymer melts (for a
brief discussion, see Appendix B). Since the dynamic mecha-
nism described by G2(t) relates to the entire molecular scale as
does the “breathing” motion of the molecule, both of these
processes are expected to be closely associated with each other
as conjectured earlier. Moreover, they should be related to the
rheological response of the material since they essentially
represent the longest dynamic time scales of the molecule.

To check whether we can corroborate this notion experimen-
tally, we have performed zero-shear viscosity (η0) measurements
on the bulk Hybrane sample, which at low shear rates is
expected to follow the same temperature dependence as that of
the longest relaxation time of the polymer,59,60 and compared it
with the temperature dependence of the average relaxation times
obtained from the G2 and the CRg

correlation functions (Figures
14 and 15). Details on the rheological experiments and on the
procedure to obtain the temperature dependence of the zero-
shear viscosity are provided in Appendix A.

Figure 16 shows the average relaxation times corresponding
to the distribution spectra from Figures 14 and 15 plotted
together with a line that corresponds to the temperature
dependence of the Vogel-Fulcher-Tamman expression ob-
tained from the analysis of the experimental data of the zero
shear viscosity (see Appendix A). In doing so, we have applied
eq 7

keeping the parameters B and T0 the same as those describing
the η0 data (Figure 20, Appendix A), and allowing only the

Figure 14. Radius of gyration correlation functions (eq 6) at different
temperatures. The lines through the points represent the fits resulting
from the DRT analysis quoted earlier.

G2(t) )
1
2

〈3[ĥ(t) · ĥ(0)]2 - 1〉 (6)

Figure 15. Upper panel: global reorientational correlation functions
with the respective fits (solid lines through the points). Lower panel:
corresponding distributions of relaxation times.

τ ) τ0 exp( B
T - T0

) (7)

5364 J. Phys. Chem. B, Vol. 113, No. 16, 2009 Tanis et al.



variation of the prefactor τ0, i.e., performing a shift by a constant
in the (logarithmic) y-axis.

A first observation is that the size/shape fluctuations and the
overall rotation of the molecule (points in Figure 16) are realized
practically at the same time scale within the examined temper-
ature range, attesting to the coupling between these two kinds
of motional mechanisms in the bulk. Moreover, to a good
approximation their temperature dependence follows that of the
experimental zero shear viscosity of the actual material. The
latter finding is consistent to the anticipated connection between
the longest relaxation time of the molecule and its macroscopic
viscosity, providing at the same time a strong support for the
adequacy of the current simulations in reproducing the physical
behavior of the examined system.

C. Local Orientational Motion. The dynamics at a local
length scale can be probed by calculating the time correlation
function of the reorientation of selected bonds, C(t)

of unit vectors k̂, which lie along the examined bond. We have
monitored the C-C and the HO-OH bonds as representative
ones, since they are located either on the outer branch or in the
interior of the molecular structure (see Figure 1).

Figure 17 displays the orientational correlation functions for
the C-C bonds together with the corresponding DRT’s. At the
higher examined temperatures, only one broad relaxation process
(peak) can be discerned at very short times (of the order of 1
ps). As the temperature decreases, however, the spectra appear
to “split” to a very fast process with a temperature independent
relaxation time (i.e., peak location), and to a slower process,
which exhibits a characteristic time that depends strongly on
temperature. At sufficiently high temperatures, the dynamics
on the segmental scale (involving cooperative motion of several
bonds) can be very fast exhibiting, thus, a time scale close to
the individual bond reorientation. However, as the segmental
motion involves a more extended part of the molecule than a
single bond, it requires the synergistic motion of the immediate
bonded and nonbonded neighbors for its realization; this
requirement introduces a dynamic heterogeneity in the local
relaxation times, which is reflected on the width of the respective
distributions.61

At lower temperatures, the segmental dynamics becomes
much slower compared to the rapid tumbling bond motion,

leading to the separation of the two time scales. This separation
is manifested in the distributions as the “split” of the high-
temperature broad peak, to a temperature-independent fast
process with low amplitude and to a slower mode of high
amplitude that exhibits a strongly temperature-dependent char-
acteristic time. The higher amplitude of the slower mode at low
temperatures indicates that the segmental motion that involves
the branch on which the examined C-C bond resides in (see
Figure 1) becomes the principal channel via which the bond
reorientation relaxes. The increasing slowing-down of its time
scale alludes to the gradual freezing-in of even the local
conformational motions as the glass transition is approached.

Figure 18 shows the orientational correlation functions of the
hydroxyl O-H bonds. Similarly to the case of the C-C bonds,
the spectra exhibit a fast process at a subpicosecond time scale
(note the fast drop of the correlation function to a decorrelation
degree of more than 60%) and a slower process with a
temperature-dependent time scale (evident by the shift of the
terminal decay to longer times as the temperature decreases).

An additional characteristic of the O-H bond spectra, not
observed in the C-C bond dynamics, is an apparent recorre-

Figure 16. Average relaxation times (points) corresponding to the CRg

and G2 spectra of Figures 14 and 15, respectively, together with a VFT
curve using the B and T0 parameters which describe the zero shear
viscosity behavior (Figure 20, Appendix A). The value of τ0 obtained
from the present fit is 0.7 ps. The error bars are comparable to the size
of the symbols.

C(t) ) 1
2

〈3[k̂(t) · k̂(0)]2 - 1〉 (8)

Figure 17. Upper panel: reorientational correlation function for the
C-C bond in between the carbonyl carbons (see Figure 1). Lower panel:
corresponding distribution of relaxation times.

Figure 18. Orientational correlation functions (eq 8) for hydroxyl
oxygen-hydroxyl hydrogen bonds.
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lation (i.e., an increase of the value of the correlation function)
at a time scale of ∼0.2 ps. The slower process can be attributed
to the segmental motion as discussed above for the C-C bond.
Similarly, the faster process can be ascribed to the fast tumbling
motion of the H-O bond. The fact that the time scales
associated with the fast process in the H-O bond spectra appear
shorter compared to the analogous modes observed in the C-C
bond dynamics (compare the respective time scales at which
the correlations functions in Figures 17 and 18 exhibit their
initial drop) can be attributed to the larger degree of motional
“freedom” of the H-O since hydroxyls are located at the “free-
ends” of the molecule (Figure 1). In view of the time location
at which the recorrelation at the H-O bond reorientation appears
and the fact that an analogous effect is not observed in the C-C
bond spectra, one can assign its origin to the dynamic formation/
breaking of the hydrogen bonds, which is realized exactly at
that specific time scale (see the times for the fast process in
Figure 12).

Figure 19 shows the temperature dependence of the bond
relaxation rates (1/τ), together with the ones corresponding to
motions on the scale of the entire molecule and the slow process
detected in the HO-OH intramolecular hydrogen-bond pair. As
anticipated from the hierarchy of polymer dynamics, bond
relaxation rates are the fastest compared to the other motions.
Among them, the OH-HO bond reorientational motion relaxes
at shorter times due to the large contribution of the faster process
(Figure 18) in the average relaxation time. The slow process
associated with the HO-OH intramolecular hydrogen bonding
is realized at a time scale very close to that of the molecular
“breathing” motion, which is consistent with the picture
described earlier regarding its origin. It should be emphasized
that both local (as expressed mainly by the C-C bond
reorientation) and global dynamics apparently follow the same
temperature dependence, which characterizes the macroscopic
viscosity of the actual material as well, as discussed above in
relation to Figure 16.

Summary and Conclusions

Molecular dynamics simulations have been utilized to inves-
tigate the static and dynamic behavior of a characteristic
hyperbranched molecule of the poly(ester amide) family,

Hybrane. A fully atomistic representation was adopted in order
to obtain a better insight to its structure-properties relation by
examining its behavior in the bulk over a wide temperature range
covering temperatures far above as well as close to the
experimental glass transition temperature.

The model used provides a reasonable description of experi-
mental data obtained from calorimetric (glass transition tem-
perature), chromatographic (solubility parameters by means of
inverse gas chromatography) and rheological (temperature
dependence of the macroscopic viscosity) measurements. Based
on this level of agreement with experiment and on the detail
afforded by the atomistic nature of the simulations, the static
and dynamic properties were explored over different length and
time scales, including the examination of certain hydrogen-
bonding capabilities of the molecule.

Upon decreasing temperature, the degree of interpenetration
between neighboring molecules increases while spatial hetero-
geneities develop close to the center of mass of the molecules.
The resulting close intermolecular contacts near the molecule
periphery are found to contribute almost twice as much to the
energetics associated with the solubility behavior of the system
compared to the intramolecular ones. This information could
be exploited when control of the solubility properties of similar
hyperbranched systems (e.g., with different functional groups
or with different number of peripheral units) is desired.

Regarding the hydrogen-bonding capabilities of Hybrane, it
was found that both, intra- and intermolecular donor-acceptor
pairs participate in hydrogen bonding. As a general rule, the
probability of hydrogen-bond formation increases upon decreas-
ing temperature. Between the examined hydrogen-bond-capable
pairs, a larger probability for the formation of intramolecular
HO-OH hydrogen bonds was found, while among donor-
acceptor pairs involving carbonyl oxygens, it was found that
formation of hydrogen bonds by the ester carbonyl oxygen was
more favorable. The principal mechanism associated with
hydrogen-bond formation/breaking between donor-acceptor
pairs was found to be realized at a very short time scale (of the
order of 0.01-0.1 ps depending on temperature) for both the
intra- and the intermolecular pairs. However, an additional
process with times longer by several orders of magnitude and
a rather strong temperature dependence was observed in the
behavior of the intramolecular pairs. Based on the time scale
and on the fact that the slow process appears only in intramo-
lecular pairs (Figures 10 and 11), it seems plausible to associate
its origin with the internal dynamics of the molecule. Compari-
son between the time scale of this slow process and the one
corresponding to the size/shape fluctuations (“breathing”) of the
molecule (Figure 19) supports the latter argument. This finding
implies that the conformational properties of the examined
molecule can play a significant role to the observed hydrogen-
bonding behavior.

The internal “breathing” motion of the molecule appears to
be coupled to its overall rotation (Figures 16 and 19). The time
scale describing these motions essentially corresponds to the
maximum molecular relaxation time and appears to follow to a
good approximation the temperature dependence of the experi-
mentally determined macroscopic zero-shear viscosity (Figures
16 and 19). Similar temperature dependence seems to be
followed by the dynamics on the length scale of a bond,
particularly for bonds located near the interior of the molecule
(Figure 19). To this extent, the simulation results indicate that
Hybrane behaves as a thermorheologically simple polymer.52

Several of the structural features characterizing Hybrane
(branching, existence of hydrogen-bond-forming groups in the

Figure 19. Average relaxation rates (inverse relaxation times) both
for global (overall molecule rotation, 3, molecular size/shape fluctua-
tions, ]) and local (bond reorientation) motions for the HO-OH (9)
and the C-C (2) bonds. The points assigned to hydrogen bonding
(HO-OH intra, [) correspond to the characteristic time of the slow
process from the hydrogen-bond survival correlation function, which
also appear in Figure 12. The times referring to H-O reorientation
were calculated by integrating the respective correlation functions. The
solid line denotes the VFT behavior from Figure 16.
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interior and in the periphery, absence of entanglements and
capability of interpenetration) are commonly met in a wide range
of hyperbranched polymers (e.g., poly(amido amines), poly(pro-
pylene amines), polyesters, etc.). It is therefore believed that
the mechanisms discussed in the present work may serve as a
basis for the description of a broader class of systems,
particularly those that exhibit features similar to Hybrane, which
render them water soluble and capable of complex formation
via hydrogen bonding.
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Appendix A

The rheological measurements were performed using an AR-
G2 stress-controlled rheometer (TA Instruments) in the parallel
plate geometry and in the linear viscoelastic regime, at a constant
frequency ω ) 1 Hz and for a wide temperature range above
the glass transition temperature, Tg. The obtained zero-shear
viscosity data are shown in Figure 20 together with a fit
according to the commonly used Vogel-Fulcher-Tamman
(VFT) function60

In the latter expression η0,0 is a prefactor, T0 is the so-called
Vogel temperature, which is lower than the actual Tg by an
additive constant, while B can be considered as a material
constant. Evidently, the VFT expression provides an excellent
fit to the temperature dependence of the zero shear viscosity.

Appendix B

As it has been noted in previous studies regarding the calculation
oftherelaxationspectraofnonregularhyperbranchedmolecules,62,63

their complex topological details impart significant differences
with respect to the behavior observed in linear polymers. To
demonstrate that, we have calculated the end-to-end vector
correlation function according to the Rouse model for polymer

melts (no entanglement effects are expected in low molecular
weight hyperbranched molecules64), which is the closest ana-
logue to the orientational correlation function as can be probed
by vectors ĥ (eq 6). Figure 21 illustrates the comparison of the
first-order orientational correlation function G1(t) ) ĥ(t) · ĥ(0)
with the normalized end-to-end vector autocorrelation function,
P(t), of an equivalent (in terms of size and diffusion coefficient)
linear polymer according to the Rouse model.64 The diffusion
coefficients (plateau values in Figure 13, inset) and the radii of
gyration as calculated from our simulations were used in the
construction of P(t). That is, we have assumed the validity of
the relations Dcm ) kBT/N� and 〈Rg

2〉 = Nb2/6, where N is the
number of statistical segments, b the statistical segment length,
and � the monomeric friction coefficient.

As shown, the simulation spectra deviate systematically from
those that would correspond to an analogous “Rouse” linear
polymer melt. A detailed comparison between the simulation
spectra and existent more specific theories is left for a future
study.
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