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ABSTRACT: We report results from fully atomistic molecular dynamics simulations of commercially
available aliphatic hydroxyl-terminated hyperbranched polyesters of two different architectures/sizes in the
bulk, exploring dynamic mechanisms associated with their physical behavior as it has been described by
pertinent experimental techniques. Particular emphasis is given on the role of the hydrogen-bonding
capabilities of the examined systems and the impact on their local dynamic response. Analysis of the
simulation results reveals that certain key aspects of their unique behavior, such as the molecular weight
dependence of local group reorientation as well as the more restricted motion of these moieties in low-
generation polyesters, can be explained by considering the distinct hydrogen-bonding pattern, which is
realized at the intra- and intermolecular levels. This interconnection is shown to be realized through a
coupling mechanism of local bond relaxation with the time scale pertinent to the formed hydrogen bond
network. Quantitative accounts are provided for the relative percentage of the different kinds of hydrogen
bonds as well as for their corresponding lifetimes. The detail afforded by the present work provides new
insight into the structure/properties relation of such molecules and offers new ground for the interpretation of

relevant experimental findings.

1. Introduction

Understanding the structure/properties relation in polymeric
systems is a milestone toward designing materials with tailor-
made functionality. This task becomes more demanding when
polymer molecules bear complex architectures with additional
funct1ona11t1es as in the case of hyperbranched polymerlc mate-
rials."* Apart from characteristics such as the size and the total
molecular weight, which should be taken into account in com-
mon linear polymers, attributes like the branching pattern, the
number and the relative location of the functional gro ups, within
the branched structure, greatly affect their properties.” " Prob-
ably the most decisive part regarding the physical behavior of
hyperbranched systems is associated with the nature of their
surface functlonal groups, as has been demonstrated in several
experimental® ™ "® and computational studies."*”!” Substitution
of their ferlpheral groups may alter their mechanical,®'"'#~2!
thermal, and thermodynamic behavior.>>%’

Hyperbranched polyesters belong to a category of highly
branched polymers, the synthesis of which has been nowadays well
formulated to the point at which they can be produced on a
relatively large scale,”® whereas alteration of their surface groups
can be commonly performed by following now standard proce-
dures."* One of the most widely used families of such polymers is
the hydroxyl-terminated aliphatic polyesters, which, because of their
commercialization, their competitive cost, and their advantageous
properties, have become the object of intense scientific and indus-
trial interest.*' ~** The hyperbranched polyesters bearing the com-
mercial name Boltorn® are now considered to be key ingredients in
many nanoscale applications, including biomedical uses.!3*333

Because of their potential for such applications, several experi-
mental investigations have been2 g)erformed exploring their struc-

ture/properties relation.®!!18:20:2936742 15 “ceveral instances
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during these studies, investigators observed a rather uncommon
physical behavior, such as the molecular weight dependence of
the time scales describing very local dynamic processes (e.g., the
B-process or the y relaxation associated in these polymers with the
surface—OH group motlon% “4%) that assume unusudlly high
activation energies’ % or different activation energies for pre-
sumably identical motional mechanisms de endmg on the size
and the topology of the examined molecule.*'*> These phenom-
ena as well as other discrepancies observed between experiments
performed in similar samples from different experimental
groups,' ¥ were attributed mainly to the existence of a significant
degree of inter- and intramolecular hydrogen bonding, which may
decisively affect the dynamic response of the systems.>'®

The aim of the present work is to provide a closer view of the
dynamic behavior on a local scale in relation to the size/topology
of the examined models and to their hydrogen-bonding capabil-
ities. To this end, we have performed fully atomistic molecular
dynamics (M D) simulations in the bulk for hydroxyl-terminated
polyesters of two different (pseudo)generations over a wide
temperature range above the glass-transition temperature. Be-
cause of the atomistic resolution afforded by the adopted
simulation method, we were able to identify in a quantitative
manner the extent of the formation of different kinds of hydro-
gen-bonded pairs of either intra- or intermolecular nature to-
gether with their relative lifetimes as well as their impact on
local motion in conjunction with the size/topology of the
examined polymers. To our best knowledge, this is the first
study of this nature in these polymers and over such a wide
temperature range.

2. Simulation Details

2.1. Examined Systems. Systems of two different
(pseudo)generations, namely, of generation 2 and 3, were
examined, corresponding to the theoretical structures of
the commercial aliphatic OH-terminated polyester family
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Figure 1. Molecular architectures of the 2nd (xeft) and the 3rd (right) generation aliphatic polyesters studied in the present work, corresponding to the

H20 and H30 Boltorn theoretical structures.

Table 1. Characteristics of the Simulated Models

code M, (g/mol) —OH groups molecules per model T, (°C)
H20 1750 16 35 30
H30 3608 32 20 35

referred to as H20 and H30, respectively (Boltorn, Perstorp
company?®), as illustrated in Figure 1.

Table 1 lists the characteristics of the simulated models.
The glass-transition temperatures are provided by the com-
pany but also measured experimentally by means of dynamic
mechanical analysis (DMA) in systems bearing theoretical
structures identical to the ones studied here.*!

2.2. Simulation Protocol. We generated fully atomistic
melt samples of Boltorn H20 and H30 containing 35 and
20 molecules, respectlvely, through the use of the amorphous
cell algorithm.* Energetic parameters were taken from the
AMBER* forcefield, containing terms for bonded (bond
stretching, angle bending, torsional rotation) and non-
bonded interactions (van der Waals, electrostatic), according
toeq 1

Eiotal = Z KR(R_R0)2+ Z K9(0—00)2

bonds angles
+Z "1+cosn¢ é]+z -
dih. i<j 1/
+ Z 12 RIO + Eelec. (1)
H-bonds ll

The adopted force field has been proven to describe rather
satisfactorily certain aspects of the physical behavior of other
hyperbranched polymers in past computational studies.** %’
On the basis of its successful combination with the adopted
forcefield,*® ™ the assignment of partlal charges was per-
formed through the Gasteiger method,”" whereas Coulom-
bic interactions were evaluated by full Ewald summation.
Dispersive interactions were described by a 12—6 Lennard-
Jones potential (with a cutoff radius of 10 A), whereas
hydrogen bonding interactions between proton acceptors
and hydrogens of hydrogen bond donors were modeled by
a 12—10 potential term.**>*3?

In the first stage of the simulation, initial configurations of
the melt samples of both polyesters were constructed at an
elevated temperature. The models were then subjected to
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Figure 2. Variation of the average radius of gyration of the simulated
systems as a function of temperature. Error bars correspond to the
standard deviation.

successive MD>* cooling steps of 50 K in the isobaric—
isothermal ensemble. The systems spent 200 ps (in 1 fs steps)
at each cooling step, followed by 100 000 to 150 000 steepest-
descent and conjugate-gradient energy minimization
cycles. Before proceeding to production runs in the micro-
canonical ensemble (NVE), 2 ns of further MD runs in the
isobaric—isothermal (NPT) ensemble were performed at
each temperature, after which the potential energy, the
specific volume, and the radius of gyration of the polymers
were stabilized. At the final part of the simulation, we
conducted production runs of 5 to 15 ns (depending on
temperature) in the NVE ensemble with a time step of 1 fs
and frame-saving frequency of 1 ps. Because bond orienta-
tional dynamics and average lifetimes of hydrogen bonds
could be realized even on a subpicosecond time scale, addi-
tional runs were performed with a frame-saving frequency
of 2 fs.

Figure 2 depicts the dependence of the radius of gyration
of the examined systems on temperature, where a very weak
variation can be noticed. (At all temperatures and for both
systems, the radius of gyration remains at least 5 times
smaller compared with the dimension of the simulation box.)

Figure 3 shows snapshots of equilibrated melts for the two
examined systems.

To verify the appropriateness of the forcefield and the
simulational protocol adopted for the representation of the
examined systems, we have compared results from our
simulations with available PVT experimental data.>
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Figure 3. Snapshots of equilibrated melts for the H20 (left) and H30 (right) models at 7 = 457 K.
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Figure 4. Comparison of simulation PVT points of the H20 polyester
with available experimental data.>> Inset shows the temperature depen-
dence of the specific volume of both examined models under ambient
pressure.

Figure 4 shows the comparison between results from
constant-pressure constant-temperature simulations and
experimental data for the H20 system.>” Inset displays the
temperature dependence of the examined models at p = 1
atm from NPT MD runs.

Evidently, simulation results are in good agreement with
experimental data. As shown in the inset, no change of slope is
observed for both systems over the examined temperature
range; that is, no glass-transition temperature is detected, as
is also anticipated from the T, values in Table 1. The specific
volume of the low generation model H20 appears to be slightly
lower than that of the H30 system at high temperatures, but the
two sets of points seem to approach as temperature decreases.
This trend is consistent with the experimental observation that
the two systems in the bulk and at room temperature assume
practically the same density.®

3. Results and Discussion

Previous investigations in hyperbranched polyester systems
of the same family as those studied here revealed the existence
of two sub-T, dynamic processes denoted as  and y, apart from
the a-relaxation mechanism related to the glass—rubber transi-
tion.*3*" The two subglass processes exhibited an Arrhenius
behavior and were associated with the ester-group reorientation
() and the motion of the hydroxyl terminal groups (), respec-
tively.**** The chemical nature of the surface end groups in

these systems was found to play a crucial role not only in their
local dynamic behavior®® but also in their macroscopic rheologi-
cal response.®!!

Particularly for the hydroxyl-terminated sgfstems, it was found
that a hydrogen-bond network was formed,” the characteristics
of which were sensitive to the thermal treatment of the sample.'®’
The time scale related to the annealing process at the selected
temperatures, which was necessary to affect significantly the
thermal and mechanical properties of the OH-terminated pol¥-
esters, amounted typically to several thousands of seconds.'®*’
The time scales relevant to the cooling procedure followed in the
simulations (see the previous section) as well as the time win-
dow at which the produced trajectories extended were several
orders of magnitudes shorter than those reported in the annealing
experiments. Therefore, the simulation “measurements” should
be considered to be performed in quenching temperature steps
with the systems remaining at each temperature for only a short
period of time so that the effects associated with the slow
formation of the hydrogen bonds would not be present. The
self-consistency of the simulation results, as will be presented in
the forthcoming sections, attests to the appropriateness of such
a procedure for a fair representation of the systems at different
temperatures.

3.1. Local Dynamics. To probe dynamics on a local length
scale, we have calculated the second-order time correlation
functions describing the reorientation of characteristic
bonds, C(7)

C(1)= 3l RO ~1) )

The unit vectors lie along the direction of the examined
bond. To check possible effects related to the hydrogen-bond
formation in local bond relaxation, we have monitored three
different kinds of bonds: (a) C—C bonds where neither
carbon atom belongs to a carbonyl group, (b) C—O bonds
between carbon atoms and hydroxyl oxygens (OH), and (c)
hydroxyl hydrogen (HO)—hydroxyl oxygen (OH) bonds.
Because hydroxyl oxygens and carbonyl oxygens actively
participate in the hydrogen-bond network,’® orientational
dynamics of such bonds could be affected by the extent of
hydrogen bonding and the longevity of the relevant hydro-
gen bonds.

We performed analysis of the resulting dynamic spectra
by determining the distribution of exponential relaxa-
tion times (DRTs).>”*® According to this procedure, a dy-
namic correlation function is considered to be a continuous
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Figure 5. Bond orientational correlation functions (upper panels) together with the corresponding DRTs (lower panels) of the H20 (left) and the H30
(right) models. The lines through the points in upper panels correspond to the fits according to eq 2. DRTs are shown only for spectra for which almost
complete decorrelation has been accomplished within the examined time window.

superposition of single exponential processes

(1) = [ O;F(ln(r))e_’/’dlnr 3)

where F represents the obtained DRT. Different dynamic
processes, well-separated in the time domain, appear as
different peaks in the distribution. Corresponding relaxation
times are estimated via the first moment of the calculated
distribution function, F(In(t)), over the time window of the
relevant peak. If the entire distribution is taken into account,
then an overall average relaxation time equivalent to inte-
grating the dynamic function can be calculated instead. Fora
nearly symmetric peak, the location of the maximum pro-
vides a good estimation of the corresponding relaxation
time. The area under each peak denotes the relative con-
tribution of each process to the decorrelation of the dynamic
function.

Between the aforementioned kinds of bonds, the C—C
bond can be characterized as a “backbone” bond because the
atoms that constitute it do not belong in any group at the
extremity of the hyberbranched structure. In addition, the
considered carbon atoms are not expected to influence the
hydrogen bonding behavior. On the contrary, the C—OH
bond represents a bond at the extremities of the molecule,
whereas the HO—OH bond is the outermost bond of the
structure. Because both of the latter bonds consist of hydro-
xyl oxygen, it is anticipated that hydrogen bonding might
affect their dynamics. This notion should be kept in mind for
the interpretation of the respective dynamic spectra.

3.1.1. Backbone Bond Relaxation. Figure 5 displays the
bond reorientational correlation functions of the C—C bond,
together with the corresponding DRTs.

A visual comparison between the correlation spectra of the
two systems reveals that the C—C bond of the H20 model
appears to relax at longer times compared with the H30
analogue (compare, e.g., the degree of decorrelation of
spectra of the two systems corresponding to close
temperatures). This is a rather unexpected result because
for other dendritic molecules, it has been found that local
relaxations associated with the glass—rubber transition be-
come slower upon an increase in generation number™ ®!

(recall that C—C is a “backbone” bond). By focusing on the
spectral features of the corresponding DRTs, even more
qualitative differences can be noted between the two models.
In the H30 systems, the distribution is characterized by a
single broad peak at higher temperatures that shifts toward
longer times as the temperature decreases, whereas at the
lowest temperature analyzed, indications of a much faster
and an intermediate peak can be noted. The latter is implied
by the appearance of a “shoulder” in the left flank of the
slower peak. In contrast, in the H20 sample, DRT spectra
appear to be bimodal, even at the highest temperature
examined. The slower peak shifts to longer times upon the
decrease in temperature, whereas the location of the maxima
of the faster one (i.e., its characteristic time) is rather
insensitive to temperature changes. At the lowest tempera-
ture analyzed, the intermediate peak can be clearly discerned.
To interpret the nature of each dynamic process as repre-
sented by the different peaks, we must bear in mind the
possible dynamic mechanisms that contribute to local bond
relaxation. As has been demonstrated in previous studies
(see, e.g., ref 47 and references therein), in principle, the main
“channels” through which bond reorientation is realized, are
(i) an ultrafast (on the order of picoseconds or faster)
librational motion of the bond, (ii) an ultraslow process
associated with the overall molecular rotation, and (iii) the
reorientation of the bond, as dictated by its local environ-
ment. Depending on this local environment as well as on the
relative distance from the glass-transition temperature, the
time scales of these mechanisms could be either well sepa-
rated (i.e., differing in temporal scale by a decade or more so
that they can be resolved as distinct processes®®) or may
appear to be coupled,*” whereas their relative contribution to
the bond relaxation may vary.

Because of the extremely local character of the ultrafast
mechanism (in terms of the time scale and the effective
displacement of the atoms involved in this motion), it
exhibits an almost temperature-independent characteristic
time,%""% whereas the two slower mechanisms are, in
principle, characterized by a stronger temperature depen-
dence.*’®! At temperatures much higher that the glass
transition, depending on the size of the polymer and its
flexibility, the overall molecular rotation and the fast
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Figure 6. Bond relaxation spectra (upper panels) of the C—OH bond in the H20 (left) and the H30 (right) models. Lines through the points are fits
resulting from the DRT analysis. Lower panels present the corresponding DRTs.
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Figure 7. OH—HO bond reorientational spectra for the H20 (left) and the H30 (right) model.

tumbling motion may suffice for an almost complete de-
correlation, even of a backbone bond, whereas as the
temperature decreases and the overall rotation becomes
increasingly slower, the contribution of the intermediate
and the ultraslow process becomes more important for the
relaxation of a backbone bond.*’

On the basis of the above picture, it appears that the time
scales of the different mechanisms for backbone bond re-
laxation are separated “earlier”, that is, at higher tempera-
tures in the H20 model (so that distinct peaks can be resolved
by the DRT analysis at higher temperatures). This finding
implies that despite the lower molecular weight and the
relatively lower degree of branching assumed by the H20
model'® (see also Figure 1), local backbone motion in the
lower generation polyester experiences a larger degree of
constriction compared with that in the larger H30 model at
similar distances above the glass transition.

3.1.2. Bond Motion in a Hydrogen-Bond-Capable Surface
Group. Figure 6 depicts the temperature dependence of the
C—OH spectra for the examined models, together with their
DRTs.

As in the case of the C—C bond (Figure 5), the bond
spectra describing the H20 system appear to decorrelate with
a lower rate than the H30 analogues (compare the degree of
decorrelation of the C(7) functions at similar temperatures).
In addition, it appears that for both size models, the ultrafast
process assumes a higher relative amplitude (compare the

areas under the respective peaks); that is, this process con-
tributes to a larger degree to the loss of orientational memory
in the C—OH bond as compared with the C—C bond. The
latter should be attributed to the higher relative freedom of
the C—OH bond that resides to a side group. Exactly because
of this attribute of the C—OH bond and because of the
particularly local nature of this motion, the molecular-
weight dependence of its relaxation time (as follows from
the higher degree of decorrelation of the bond spectra in the
H20 model) is an intriguing feature.

3.1.3. Bond Motion in the Terminal Hydrogyl Group.
Figure 7 shows the bond reorientational spectra for the
OH—HO bond at different temperatures for the examined
models. Apart from the essentially temperature-independent
fast drop of the correlation function, which extends up to
~0.05 ps for both models, a characteristic feature not
observed in the previous bond-relaxation spectra
(Figures 5 and 6) is an apparent “recorrelation” maximum
at ~0.1 ps. Both of these features have recently been ob-
served in OH—HO bond correlation spectra of hydrogen-
bonding-capable hyperbranched systems.*” The reasoning
applied in ref 47 can be applied in the case of the HO—OH
bonds in polyesters as well. The fast drop can be ascribed
to the rapid tumbling motion of the bond, the “recorre-
lation” maximum can be linked to the time scale on which
a fast formation/breaking of the hydrogen bonds takes
place, whereas the slower process implied by the “tail” of
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356—763 K) models, as a function of temperature. Insets denote the corresponding survival correlations functions (eq 4). Arrows show the direction of
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the correlation functions can be associated with the coup-
ling of the OH—HO bond relaxation to local segmental
motion.

Comparing the dynamics between the two polyesters, it
can be observed that at similar temperatures, the OH—HO
bond in the H20 model relaxes on longer time scales. Because
for both models the formation of hydrogen bonds is certainly
expected and the number of —OH groups in the H20 sample
is only marginally higher compared with that in the H30
polyester*' at a similar density (in the simulated systems the
number of hydroxyl groups per unit volume in the H20
exceeds that of the H30 model by about 5% or less depending
on the density), the observed difference in the dynamic
behavior still remains an open question.

3.2. Hydrogen Bonding. To address the question risen from
the behavior of the relaxation of the examined bonds, we
have examined the extent and the longevity of the different
kinds of hydrogen bonds of intra- and intermolecular nature
that could affect local motion in the two polyesters.
As has been confirmed by infrared spectroscopy (IR)
studies,'®3%3% the most frequent hydrogen-bonded pairs
are formed between hydroxyl hydrogens (HO) and hydroxyl
oxygens (OH) (the formed hydrogen bond will be symbolized
as OH - - - OH henceforth) and hydroxyl hydrogens (HO) and
carbonyl oxygens (O) (this hydrogen bond will be referred to
as OH---0 from now on). Therefore, we calculated the
radial distribution functions describing these pairs and exa-
mined the formation of the pertinent types of hydrogen
bonds. The identification of a hydrogen bond was based
on the hydrogen—acceptor distance as well as the angle
formed by the donor—hydrogen—acceptor triplet. The dis-
tance corresponding to the first minimum of the respective
hydrogen—acceptor pair distribution function was taken as
the maximum separation between the hydrogen and the
acceptor, whereas the minimum donor—hydrogen—acceptor
angle was selected to be 120°.46:64:63

To examine the dynamics of hydrogen-bonding pairs at a
wider temporal window, we also produced trajectories and
collected data every 2 fs at the subpicosecond range. We
investigated hydrogen-bonded pair dynamics by evaluating
a survival probability function defined as®®®’

>, Pir(1)
>0, Pi(t =0)

where p;(7) takes the value of 1 if the hydrogen bond that
exists between the ith and the jth atoms at # = 0 exists also at
time ¢+ > 0 and 0 otherwise. The summation runs over
all atomic pairs found to form a hydrogen bond at 1 = 0
(all different time origins have been taken into account).

P(1) = (4)

According to this definition (usually referred to as “inter-
mittent”®®), all hydrogen formation/breaking events in a
hydrogen—acceptor pair that existed at time ¢+ = 0 are not
counted if they take place at times shorter than 7; therefore,
this definition reflects the long-time behavior of the hydro-
gen-bond-formation probability function.

3.2.1. Intramolecular Hydrogen Bonding. Figure 8 depicts
the pair distribution functions utilized for the detection of
OH - - -OH hydrogen bonds together with the corresponding
survival correlation functions (eq 3) as a function of tem-
perature. Following the criteria mentioned earlier, an intense
hydrogen-bond peak can be readily identified in both sys-
tems at a separation of ~2 A.

The amplitude of the hydrogen-bond peak (indicating the
relative frequency of appearance of the examined pair)
decreases upon an increase in temperature. It must be noted
that even at the highest examined temperature, the hydrogen
bond peak remains present. Actually, as shown by the
survival correlations functions (Figure 8 insets), the long-
time probability of hydrogen bonding between OH---OH
pairs is not vanished at high temperatures, even on the
longest time scales examined (i.e., they last longer than the
nanosecond scale). Comparison of the survival correlation
functions describing the two systems shows that the H20
polyester exhibits a lower degree of decorrelation than that
observed in the H30 systems at similar temperatures.

The analogous picture for the OH- - -0 intramolecular
pairs is presented in Figure 9.

Apart from the hydrogen-bond peak that can be identified
close to a separation of 2 A, as in the case of OH---OH, a
distinct feature is the appearance of a second sharp maxi-
mum close to a distance of r = 4.2 A between the carbonyl
oxygen and the hydroxyl hydrogen in both systems studied.
This feature appears to be consistent with the presence
of a different kind of hydrogen bond, namely, of the
C=0---OH---HO type, where the distance between the
hydrogen of the second hydroxyl group and the carbonyl
oxygen gives rise to the second peak in the g(r) spectra of
Figure 9. (A peak at a separation of r = 4.4 A was also noted
in the corresponding carbonyl oxygen—hydroxyl oxygen
pair correlation functions, not shown here.) The existence
of such a “double” hydrogen bond has been hypothesized on
account of some strong indications from infrared spectro-
scopic experiments in hyperbranched polyesters similar to
the ones studied here.’® Our findings corroborate this hy-
pothesis. Another distinct feature in the behavior of the two
systems is that the amplitude (i.e., the area under the maxi-
mum) of the peak assigned to the OH - - - OH hydrogen bond
appears to decrease upon the decrease in temperature in the
H30 model, whereas that of the second peak follows an
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inversely proportional relation. In the H20 model, although
the primary maximum assumes higher values as the tem-
perature drops, it also becomes narrower so that its ampli-
tude does not change appreciably with temperature. The
amplitude of the peak at r = 4.2 A does not vary system-
atically with temperature as well. This observation implies
that at the H30 polyester, the relative frequency of appear-
ance of the assumed C=O0---OH---HO hydrogen bond
increases as the temperatures lowers at the expense of the
OH - - - OH pairs. Such a distinct behavior noted between the
two pseudogenerations emphasizes the role that the topology
might play in the hydrogen-bonding properties of a hyper-
branched polymer.

Comparing the survival probability functions describing
the two systems, we observe that they appear to decay slower
in the H20 polyester at comparable temperatures, as was the
case in the comparison of the OH---OH intramolecular
bond. Actually, the survival correlation functions of the
H30 model appear to decay in a particularly short time.
(Compare the relative behavior in the insets of Figures 8

and 9.) The latter appear to have relaxed within the examined
window, even at the lower temperature shown (i.e., its time
scale is in the nanosecond range).

3.2.2. Intermolecular Hydrogen Bonding. For each of the
H20 and H30 systems, the intermolecular hydrogen-bonding
behaviors between the two examined pairs bear strong
similarities, as can be inferred from Figure 10 (compare
Figure 10a with Figure 10c and Figure 10b with
Figure 10d). It is noteworthy that the additional peak
observed in the intramolecular behavior of the OH---0
pairs (Figure 9) is absent from the respective intermolecular
pairs. In other words, the hydrogen bond of the
C=0---OH---HO type appears to be an exclusively
intramolecular feature. The faster decorrelation of the hy-
drogen bond survival function previously observed in the
corresponding intramolecular pairs of the larger generation
model (Figures 8 and 9) characterizes the intermolecular
behavior as well (compare inset of Figure 10a with that of
Figure 10b and the inset of Figure 10c with that of
Figure 10d).
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Figure 11. Average number of the examined hydrogen-bonded pairs per frame per acceptor atom for the H20 (left) and the H30 (right) models.

3.2.3. Numbers and Time Scales of the Examined Hydrogen
Bonds. To better assess the relative significance of each kind
of hydrogen bond in the two systems, we have estimated the
average number of each kind per simulation frame (the
frames considered are 1000 simulation steps apart) per donor
atom, as shown in Figure 11.

A general remark is that the OH---OH pair is the
dominant (taking into account both the intra- and the
intermolecular contributions) kind of hydrogen bond
formed in the examined systems. Between the hydrogen
bonding behavior of the two pseudogenerations, several
differences can be noted. The most striking feature is that
the H20 polyester forms about 40 to 70% (depending on the
temperature) more intramolecular OH---OH bonds than
the H30 system. The levels of intermolecular bonds of the
latter type are quite comparable. On the contrary, it appears
that a higher number of OH - - - O hydrogen bonds, either of
intra- or of intermolecular nature, are formed in the H30
polyester, particularly at higher temperatures.

Both of the above notions are consistent with experimental
observations, where it was noted that formation of
OH---0OH hydrogen bonds is favored at short annealin%
times and low pseudogenerations of such polyesters,'
whereas OH - - - O hydrogen bonds appeared to increase in
higher generation analogues and at higher temperatures.*
Specifically for the OH---O type of hydrogen bond, our
results indicate a moderate increase in the intramolecular
hydrogen bonds upon elevation of temperature. Although
the degree of this augmentation does not exceed a percentage
of 25% within a 400 K temperature interval, such a behavior
indicates that certain intramolecular rearrangements within
the polymer (such motions can be facilitated at higher
mobility states, i.e., at higher temperatures) allow the reali-
zation of conformations that promote the formation of this
type of intramolecular hydrogen bonds. The absence of such
a behavior in the lower pseudogeneration polyester is likely
to be the result of both the topological differences between
the two polymers and the fact that the majority of the
hydrogens belonging to hydroxyl groups prefer to form
intramolecular hydrogen bonds with other hydroxyl oxygens
of the OH---OH or of the C=0---OH---HO type, as
discussed above.

Figure 12 portrays the temperature dependence of the
reciprocal relaxation times (see below) extracted from the
corresponding survival correlation functions. To perform
a fair comparison between the distinct kinds of bonds and
for the different molecular weight systems (because in
several cases, P(f) functions do not reach full decorrelation
within the simulation window), we chose to calculate the
times at which the P(7) spectra attain the same degree
of decorrelation, here 1/e. By making this selection, in the
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Figure 12. Relaxation rates calculated from the pertinent hydrogen-
bonding survival correlations functions as discussed in the text.

examined cases, we essentially probe the initial relaxation
rate rather than the longer time behavior of the survival
function. Although this procedure will not map the actual
survival times, which should also include the long-time
behavior, it may well capture the relevant trends at least
as far as it concerns time scales close to the nanosecond
range.

As expected from the preceding discussion in Sections
3.2.1and 3.2.2, for all types of hydrogen bonds, H20 exhibits
lower relaxation rates compared with those observed in
the H30 polyester. This difference in relaxation rates reaches
almost two decades at lower temperatures. An additional
feature shared by the two systems, is that the lowest
rate corresponds to the intramolecular OH- - -OH hydro-
gen bond. For the higher generation molecule, apart
from the intramolecular OH---OH bond, all hydrogen-
bonded pairs exhibit a weak temperature variation of their
relaxation rates, which correspond to characteristic times on
the subpicosecond scale. The OH - - - OH intramolecular pair
for the H20 model attains the picosecond or the 10 ps time
scale depending on the temperature. For the lower genera-
tion model, the relaxation time of the intramolecular
OH - - -OH pair reaches the nanosecond scale at the lowest
examined temperature. The fact that the majority of the
intramolecular hydrogen bonds are of the OH - - - OH type in
the H20 model combined with its markedly low relaxation
rate (compared with the other types of hydrogen bonds as
well as with its H30 counterpart) implies a much slower
rearrangement of the intramolecular hydrogen-bond net-
work in this polyester.

This conclusion offers a strong basis for the interpretation
of the picture described by dielectric relaxation experi-
4142 performed in different pseudogenerations of
hyperbranched polyesters similar to the ones examined in
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this work. In one of these studies,*' it was suggested that
the motion of the hydroxyl groups, specifically in the
H20 sample (as this was compared with the behavior of
higher pseudogeneration molecules), is significantly hin-
dered because of the formation of additional hydro-
gen bonding. In more recent dielectric measurements
performed in a series of hyperbranched polyesters (second
to fifth pseudogeneration) analogous to those studied
here,*” it was noted that the y-relaxation, which was
assigned to hydroxyl-group motion, exhibited conside-
rably slower dynamics in the H20 sample compared with
the same type of motion in higher generation systems. The
authors conjectured that this effect was related to stron-
ger intramolecular rather than intermolecular interac-
tions involving the hydroxyl groups in the lower generation
polyester.

In view of the above findings, that is, the higher degree of
intramolecular OH- - -OH hydrogen bonding observed in
the H20 model combined with the slower dynamics of the
resulted hydrogen-bond network, one can rationalize the
slower relaxation of bonds involving the hydroxyl oxygens,
as discussed in Sections 3.1.2 and 3.1.3, by considering a
coupling mechanism between the bond reorientational mo-
tion and the dynamics related to the survival of the formed
hydrogen bonds. This scenario appears to be consistent with
the aforementioned experimental results.

3.3. Overview of Local Dynamics. Figure 13 compares
the relaxation rates of the bond reorientational dynamics
discussed in Section 3.1. For a better assessment of the
relative time scales characterizing the examined molecules,
we have also included average reciprocal times from the
overall rotational motion of the polymers. (See the
Appendix.) The inset presents the inverse times correspond-
ing to the slow process of the C—O bond reorientation
(Figure 6) at temperatures at which this could be clearly
resolved. Together, the average reciprocal times of the
same motion as well as the relaxation rates describing
overall molecular rotation for the two models are repeated
from the main panel of the Figure to facilitate visual com-
parison.

Comparing the general behavior of the H20 and H30
molecules, it can be noticed that in the larger size systems
the average relaxation rates are ordered in a hierarchical
manner, in the sense that the backbone bond (C—C) clearly
assumes the lower rate; then, the bond belonging to the side
group (C—OH) is the next fastest, whereas the fastest motion
corresponds to the bond possessing the larger orientational
freedom, that is, the HO—OH bond. In the H20 system, a
similar clear distinction between the C—C and the C—O
bonds is not observed. Instead, these two bonds assume very
similar rates. Another feature characterizing the general
comparison of the dynamic behavior between the two sys-
tems is that they exhibit very close time scales for the overall
rotational motion (i.e., the Gy rates) despite the fact that the
average size of the molecules is different. (See Figure 2.) This
proximity in the molecular rotation rates could actually
rationalize the similarity of the C—C bond dynamics in the
two systems. This type of bond is expected to be coupled to a
larger extent to the reorientation of the “arm” it belongs in
(Figure 1) and therefore to the overall molecular reorienta-
tion.

For the rest of the bonds examined, dynamics in the H20
system appear to be distinctly slower (on the order of one
decade) compared with their H30 analogues. This can be
understood in terms of a coupling to the slower hydrogen-
bond dynamics of intramolecular origin, as was previously
suggested. Coupling of the C—OH bond motion to the
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Figure 13. Relaxation map of the examined bond reorientational
dynamics. GV stands for the Gy(r) average reciprocal time scales.
(See the Appendix.) The rates describing the HO—OH bond were
calculated by integration of the respective correlation functions
(Figure 7). The inset includes the reciprocal relaxation times of the slow
process resolved in the C—OH bond dynamics (Figure 6).

overall rotation appears to be stronger in the H20 model,
as can be inferred by the close proximity of the relaxation
rates corresponding to the slow dynamic process (Figure 13
inset) resolved in the lower temperatures (Figure 6) with
those of the global rotational motion. Note that an analo-
gous comparison cannot be made for the C—C bond because
the three peaks are not clearly resolved in the corresponding
DRTs. (See Figure 5.)

4. Summary/Conclusions

In this work, we have examined local dynamics and hydrogen-
bonding characteristics of hyperbranched hydroxyl-terminated
polyesters in the molten state, bearing structures corresponding
to the topologies of the commercially available H20 and H30
(Boltorn) systems. Our aim was to offer new insight into the
mechanisms that govern local dynamic behavior of these systems
and particularly on their relation to the hydrogen-bonding
properties, thus facilitating the interpretation of relevant experi-
mental findings. To the authors’ knowledge, this is the first fully
atomistic simulational approach of these scientifically interesting
and commercially important systems, which attempts a descrip-
tion of their local dynamic properties at this level of detail. On the
basis of this approach, we have been able to provide a qualitative
and a partially quantitative account of the characteristics of the
formed hydrogen-bonding network as well as of the degree that
these hydrogen-bonding properties affect the local dynamic
response.

From our results, it became apparent that the topology of
the hyperbranched polymer plays a significant role in its physi-
cal behavior down to the atomic level. More specifically, it
was found that the lower pseudogeneration polyester H20
assumed significantly slower dynamics of bonds that consti-
tuted by atoms involved in hydrogen bonds. The main feature
that differentiated its behavior from the higher generation
polyester appeared to be the considerably higher degree of
intramolecular hydrogen bonding between hydroxyl hydro-
gens and hydroxyl oxygens. Although this type of hydrogen
bond was found to be the most abundant in both size systems, the
average number of intramolecular OH---OH pairs in H20
polyester was found to be 40—70% (depending on temperature)
higher compared with that observed in the H30 system. This
incidence should apparently be related to the differences in
the structural details of the two systems. (See Figure 1.) The
higher abundance of OH---OH bonds in the smaller size
model combined with the longer survival time of this kind
of hydrogen bond appeared to slow-down local reorientation
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of bonds formed by hydroxyl hydrogens and hydroxyl oxy-
gens significantly. This finding offers a new basis for the inter-
pretation of relevant experimental observations, where it was
noted that the dynamics of the hydroxyl groups, which
was associated with the y-relaxation process, exhibited the
characteristics of a more constricted or more cooperative motion
in the H20 polyester compared with that detected in the H30
or higher generation polyesters of the same family, which was
not expected on the basis of the local nature of the motion and on
the behavior of the dynamics of the —OH group in other
polymers.

In addition, findings from our simulations corroborate the
existence of the C=0---OH---HO type of intramolecular
hydrogen bonds in these systems, which was recently proposed
on the basis of indications from infrared spectroscopy experi-
ments. Actually, (on account of the relative amplitude of the
pertinent peaks, see Figure 9) the formation of this kind of
multiple hydrogen bonding was found to be favored in the larger
size model and to depend sensitively on temperature changes, in
contrast with the behavior observed in the lower generation
system.

In conclusion, we believe that the detail afforded by this kind of
simulations and analysis approach, is necessary for a more
profound understanding of the mechanisms that operate at the
atomic level and may significantly affect the physical properties
of such systems.
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Appendix

To examine dynamics associated with the overall rotational
motion of the molecule, we have calculated the second-order
Legendre polynomial

Gv(1) = ~Glh()-hO) ~1)

of unit vectors , which connect the center of mass of each mole-
cule to the individual atoms. Such a correlation function
essentially relaxes via the reorientational motion of the entire
molecule.*’

Figure Al presents Gy(f) for the two examined systems.
Average relaxation times, as presented in Figure 13, were
calculated by integrating the corresponding DRTs only for
temperatures at which a substantial degree of decorrelation was
reached within the examined temporal window.
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Note Added after ASAP Publication. This article posted
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