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Layers of Distinct Mobility in Densely Grafted Dendrimer Arborescent Polymer Hybrids
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Melts of multiarm stars of 1,4-polybutadiene (dendrimer arborescent hybrids) with very high branching
functionality (f) and small arm molar mass behave as jammed colloids and show distinct layers of segmental
mobility. Three mobility layers were identified, comprising outer, intermediate, and near-core segments, all
displaying a Vogel-Fulcher-Tammann temperature dependence. The respective glass temperatures increase as
f'72. Our findings pave the way for further progress in this field by reconsidering previous theoretical
treatments based on a single friction coefficient in hybrid nanoparticles such as densely grafted stars.
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Long range motions in branched polymers are distinct
from linear chains. In the simplest case of branched
polymers, namely a star polymer composed of f linear
chains grafted onto a small core, relaxation proceeds via
arm retraction, a mechanism that depends on the arm length
but not on functionality [1-9]. As f increases, another
slower process reflects the cooperative rearrangement of
the ordered stars [8—11]. In solution, the blob model of
Daoud and Cotton [12] (f branches, N statistical units per
branch of length [) identified three monomer density
regimes: the outer (swollen) regime where excluded vol-
ume effects dominate within a blob, the intermediate
(unswollen) regime where the density is high enough to
screen the excluded volume interactions, and the inner or
core regime where the density is highest, and presumably
segments are not allowed to wiggle freely. In the limit of a
very large number of branches, e.g., f > N2, the whole star
comprises a core of constant (high) density with radius
R~ (Nf)'/31 ~ NI, meaning that in this limit branches
are stretched and the star exhibits particlelike behavior
and rheological signatures of jamming [13-15]. In the
majority of cases investigated so far [2-9,13,14,16,17],
f12 < N < f2, such that the highly stretched case of high
branching density was not attained. In this limit star
polymers behave as soft hybrids exhibiting liquidlike order,
and both faster polymeric and slower colloidal viscoelastic
responses [8—10,14,18,19].

Despite progress in understanding longtime dynamics,
very little is known about the effect of dense star topology
(in the limit f > N?) on segmental dynamics with relevance
in polymer processing [13,14,20-22]. To this end, recent
models treating the linear viscoelastic response of multiarm
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star polymers assume a single friction coefficient associated
with a single segmental relaxation [10]. Furthermore,
controlling the range of segmental relaxations and the
associated glass temperature variation is a prerequisite for
versatile shape memory polymers [23]. Not surprisingly,
in this endeavor, branched or star polymers have already
been exploited in an effort to enhance the shape memory
effect [24].

In this Letter, we employ dielectric spectroscopy and
differential scanning calorimetry to explore the effect of
the multiarm star topology on the segmental dynamics. The
scientific question we address is if and how the crowded
star topology affects the local segmental dynamics in
multiarm star polymers that fulfil the condition f > N2.
This question has relevance in decoding the rheology and
processing of soft composites and holds the key for the
development of shape memory polymers. Results reveal
that segments form three distinct layers of reduced mobil-
ity, from the periphery to the core. Notably, theoretical
models of dynamics at larger length scales (e.g., arm
retraction and slow colloidal processes) [10] need to
consider multiple friction coefficients.

The molecular architecture and characteristics of the
studied 1,4-polybutadiene dendrimer arborescent polymer
hybrids are provided in Scheme SI and Table SI,
Supplemental Material [25]. The sample nomenclature
identifies the hydrosilylated starlike substrate (RS), the
number (e.g., 64 or 128) of inner arms, and the target molar
mass of the polybutadiene (PBD) outer arms (1.5 or
5 kgmol™' as PBDI1.5 and PBDS5, respectively). Using
the molar mass of a Kuhn monomer, M, = 105 gmol~!
[1], we get for the three stars: f > N? (RS64-PBD1.5),
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(a) Schematic representation of the core-shell architecture of RS64-PBDI1.5, assuming spherical symmetry. It consists of the

carbosilane dendrimer core (black), the intermediate area (blue) composed of 57 PBD chains of mixed 1,4 (m) and 1,2 (n)
microstructures, and the external region (pink) composed of 19.5 PBD chains (microstructure: m = 0.93, n = 0.07) per internal chain.
(b) Dielectric loss curves as a function of frequency at selected temperatures; 7 = 183 K, 7 =203 K, T = 213 K, and T = 253 K that
better depict the S, a, merged aff, a*, and a** processes. The red lines represent fits with a summation of Havriliak-Negami functions.
Each process is represented with a different hue of blue color. (c) Three-dimensional representation of the dielectric loss curves of

RS64-PBD1.5 as a function of temperature and frequency.

f> N? (RS128-PBD1.5), and f~ N? (RS64-PBD5).
Dielectric  spectroscopy (DS) measurements were per-
formed, in the range from 323-133 K for frequencies in
the range from 1072 to 107 Hz [31]. Differential scanning
calorimetry (DSC) and temperature-modulated (TM DSC)
measurements were made on a Q2000 (TA Instruments). A
strain-controlled rheometer with a force rebalance transducer
(ARES 2kFRTNI, from TA Instruments) was used for the
rheology measurements. More details on the materials and
methods can be found in the Supplemental Material [25].
Figure 1(a) provides a schematic representation of the
core-shell architecture of RS64-PBD1.5. It depicts three
regions consisting of the carbosilane dendrimer core,
the intermediate area composed of 57 PBD chains of
mixed microstructure [m = 0.93, n=0.07], and the
external region composed on average of 19.5 attached
1,4-PBD chains (m = 0.93, n = 0.07) per internal chain.
This chemistry results in a very high branching functionality
(f = 1110 PBD arms, in this case). Specific fitting examples
with summations of Havriliak-Negami processes are pro-
vided in Fig. 1(b) at selected temperatures. Starting from
lower temperatures the different processes reflect the local
relaxation, and to the segmental a, a*, and o™ relaxations,
corresponding to three distinct layers of mobility. The

corresponding dielectric loss curves of RS64-PBD1.5 are
shown in a 3D representation in Fig. 1(c). Details are
provided in the Supplemental Material (Figs. S1-S9) [25].

Informative with respect to the effect of increasing
branching functionality on the segmental dynamics is the
comparison of the dielectric loss curves (for the different
samples) with linear PBD at the same reference temper-
ature. Superimposed dielectric loss curves are compared in
Fig. 2 around the maximum corresponding to the «
relaxation as bpe” (arf; Ti), where ar is a single
frequency-scale shift factor and by is a small single loss-
scale shift factor at a temperature 7. Slower processes
contribute to the dielectric loss in the arborescent hybrids,
in contrast to the single a relaxation of the PBD homo-
polymer. Evidently, with increasing functionality, the o
relaxation shifts to lower frequencies and its dielectric
strength is reduced at the expense of the slower processes.
In the case of RS128-PBD1.5, with the highest function-
ality (f = 2830), the slower processes (corresponding
to the a* and ™ relaxations) gain more intensity than
the a relaxation. The analysis is supported by a model free
evaluation of the distribution of relaxation times [Figs. 2(b)
and 2(c)] (based on the Tikhonov algorithm, Supplemental
Material [25]).
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FIG. 2. (a) Comparison of superimposed dielectric loss curves

for RS128-PBD1.5 (green lines), RS64-PBD1.5 (blue lines),
RS64-PBDS5 (red lines), and PBD1.5 homopolymer (black lines)
at a reference temperature of 198 K. The curves have been shifted
horizontally and vertically by their respective shift factors, a; and
by. The vertical arrows indicate the maximum loss corresponding
to the « relaxation. (b),(c) Distribution of relaxation times
extracted by a generalized regularization method for the homo-
polymer PBD1.5 (gray squares) and RS64-PBD1.5 (blue thombi)
at selected temperatures. The arrows and vertical lines indicate
the corresponding relaxation times for the homopolymer and the
hybrid.

The temperature dependence of the different relaxation
processes can be discussed with the help of Fig. 3. The
figure compares the characteristic frequencies at maximum
loss for linear 1,4-PBD [32] with the 1,4-PBD in the
arborescent hybrids, all with a similar arm molar mass, as a
function of increasing number of arms. It depicts a fast
relaxation with an Arrhenius temperature dependence,
Smax = fo exp(—(E/RT)), where f.c is the frequency
at maximum loss, f the limiting frequency at very high
temperatures, and E is the apparent activation energy
(32.0 £ 0.5 kJmol™") that is unaffected by functionality.
At higher T, the a relaxation exhibits a Vogel-Fulcher-
Tammann (VFT) temperature dependence according to
Sfmax = fo exp(—(B/T —T,)), where B is the activation
parameter and T is the “ideal” glass temperature. The
corresponding glass temperature T, is associated with
freezing of the segmental dynamics, together with the
VFT parameters provided in Table I. Two slower processes
are evident in RS64-PBDI1.5 corresponding to the o* and
a** relaxations, also with a VFT temperature dependence.

The presence of multiple segmental dynamics within a
single polymer is possible [33]—albeit not common—and

TABLE 1.
hybrids. (# represents value held constant.).

depends on the particular polymer topology and the
sensitivity of the probing technique. The origin of the
three distinct processes with the VFT T dependence is
discussed with the help of results from DS (Fig. 3 and
Figs. S1-S9), DSC (Figs. S10, S11) and rheology
(Figs. S12, shown in the Supplemental Material [25]). In
RS64-PBD1.5 the a relaxation (with respective low- and
high-frequency slopes of 0.43 4 0.05 and 0.56 &£ 0.05) has
an effective dielectric strength of TAe = 6 £2 K. The a*
relaxation (low- and high-frequency slopes of 0.35 £ 0.08
and 0.56 +0.05, respectively) has TAe =45+1K,
whereas for the o™ relaxation TAe=12+0.3 K.
Concomitantly, TM-DSC (Fig. S10) exhibits two steps
in the specific heat at temperatures that correspond to the
DS a and a* relaxations. In addition, a careful examination
of the linear viscoelastic master curves (phase angle as a
function of complex modulus, van Gurp-Palmen plot,
Fig. S12) reveals the breakdown of time-temperature
superposition in the vicinity of 7.

These results, taken together, suggest the following
origin of the three processes. The a relaxation is assigned
to freezing of the dynamics of the outer 1,4-PBD segments
of the arborescent hybrids (characteristic correlation length
~2.7 nm, Table II). This relaxation bears similarities with
the a relaxation of linear PBD. However, it shows an
increased glass temperature by as much as ~11 K which
depends on functionality (Fig. 4), as well as an increased
fragility index (m from 65 in linear PBD to ~80 in the
arborescent hybrids, Table II). This implies that even
the segmental dynamics of the outer PBD segments are
affected by the highly branched topology. The o relaxation
is assigned to the freezing of the dynamics of an inter-
mediate layer (characteristic correlation length ~1.4 nm).
The corresponding freezing temperature is also a strong
function of branching functionality, increasing by up to
~34 K relatively to linear PBD. Last, the a** relaxation is
assigned to the dynamics of those PBD segments in the
vicinity of the core. At the star core crowding of the chains
precludes wiggling motions, leading to a much slower
segmental relaxation. Within the timescale of the o**
relaxation, some contribution from 1,2-PBD segments is
expected [approximately a third of the effective dielectric
strength and the fraction (~5%) of 1,2-PBD segments]
[34]. Evidently, the correlation lengths of the outer and
intermediate layers comprise about half the star size in

Parameters of the Vogel-Fulcher-Tammann equation for the a, a*, and o™ relaxation of 1,4-polybutadiene arborescent

a relaxation

o relaxation

SAMPLE logfy, B (K) oK) T,(K) logf, B (K) To (K) RS64-PBDLS5S o relaxation
RS64-PBD1.5 12 1043+£34 14641 17941 12 1806430 136+1 log £, 7.04+03
RS64-PBD5 12 10104£36 145+1 1761 12  1751+£30 130+1 B (K) 988 + 150
RS128-PBDL.S  12¢ 891431 15441 1831  12¢ 1755442 153+2 T, (K) 165 +£7
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FIG. 3. (a) Arrhenius relaxation map for a series of 1,4-PBD
arborescent hybrids with a similar arm molecular weight but
increasing number of arms: segmental a relaxation (down
triangles), local S relaxation (circles), a* relaxation (rhombi)
for different functionalities: RS128-PBD1.5 (red), RS64-PBD1.5
(blue), and PBD1.5 (black). A slower a** relaxation (squares) is
evident in RS64-PBD1.5. Data inside the gray box were obtained
from TM DSC. The curved and the straight lines represent fits
to the VFT and the Arrhenius equations, respectively. (b),(c)
Structural relaxation time ratios, (z,/7,) and (7,/7.+), as a
function of functionality. Simulation data for different numbers of
repeating units M are included from Ref. [13]. Crosses in (b) are
from rheology (arm retraction mechanism [15] and Supplemental
Material, Figs. S12 and S13 [25]).

RS64-PBDS5 [11] (Table II) and correspond to the inter-
penetration regime in the two-layer model of polymer-
grafted nanoparticles [11].

The disparate dynamics of the outer, intermediate, and
near-core PBD segments can be discussed with the help
of Figs. 3(b) and 3(c) as a function of functionality. In
Fig. 3(b) the magnitude of the difference of the outer and
intermediate dynamic layers, 7,/7,., has a power law
dependence on functionality as f~!'3. Additional data from
rheology, corresponding to the arm relaxation mechanism,
are included in the figure [15]. We need to comment,
however, that DS is not sensitive to large scale motions, as
PBD does not have a dipole along the chain. The apparent
agreement of the timescale for the segmental a* relaxation
with the arm relaxation found in rheology can be explained
as follows: as the PBD arm undergoes a slow and hindered
retraction mechanism, segments are displaced from the star
periphery to the intermediate layer—as the approach to the
core is prohibited—thus contributing to the dielectrically
active a* relaxation. For the a** relaxation the difference in
the outer and core dynamic layers 7,/7,,,. exhibit another
power law dependence as f~2°. In the same plot, simulation
data from star polymer melts with a much lower function-
ality are included corresponding to the near-core segments
[13] with a dependence on functionality as £~!%3. Overall,
the results of Figs. 3(b) and 3(c) demonstrate that function-
ality enhances the intramolecular dynamic heterogeneity.

The results for the freezing of the different relaxation
processes (a, a*, and o** processes at 7 = 100 s) can be
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FIG. 4. Glass temperatures (z = 100 s) as a function of molecu-
lar mass for RS128-PBD1.5 (green circles), RS64-PBD1.5 (blue
hexagons), RS64-PBD5 (red rhombi), and PBD1.5 (black down
triangles). The black line is a fit to the Fox-Flory equation. The
inset gives the glass temperatures (obtained from DS) as a function
of functionality for the hybrids with a molecular mass of
M, = 1.3 kgmol~!. The lines are fits to a square root dependence
of functionality (see also Fig. S14).

discussed with respect to the respective glass temperatures
in Fig. 4. In the RS64-PBD1.5 arborescent hybrid the a
relaxation is located some 4 K higher (179 K), and the two
(o and o) processes now freeze at 192 and 213 K,
respectively. The effect of functionality is shown in the
inset. In general, the different glass temperatures follow a
f1/2 dependence, in qualitative agreement with the results
from a recent simulation [14].

The experimental results are compared with simulations
in lower functionality stars [13,14], which identified a
mobility gradient of relaxation as a function of the distance
from the star core. From the heterogeneous dynamics only
two kind of segments were considered, located at the end of
the star and near the core. Herein, instead, we identified
three distinct layers of mobility and show that intermediate
and core segments have different power law dependencies
on functionality (f~'? and f~29, respectively). Of rel-
evance to the current work is an NMR study on a 4-arm
polybutadiene star, having sequences with molar mass
comprising an entanglement strand and situated at various
distances from the free end of the star arm down to the core
[20]. Three distinct deuterium transverse relaxation times
T, were found corresponding to the various labeled seg-
ments of the star arm (periphery, core, and intermediate
sections). However, with a single star no predictions could
be made on the effect of functionality. In the present case,
with f in excess of 900, these timescales can be very well
separated without the need for labeling which, inevitably,
introduces some thermodynamic issues.
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TABLE II. Characteristic parameters of 1,4-polybutadiene arborescent hybrids.
Sample (kgmol™') f T,(K) Cu,* K9 m° T, (K)°© T, K¢ & @m) ¢ R (nm)
PBD1.5 2 172 13.2 35 65.9 2.1 1.48 "
RS64-PBD5 929 176 14.2 31 80.3 185 2.7 122 ¢
RS64-PBD1.5 1110 179 13.7 33 74.5 192 213 2.8 8.8°
RS128-PBD1.5 2830 183 14.7 29 84.2 209 (DS)

203 (DSC) 23 122°

WLF parameters calculated at the glass temperature of the a relaxation.

PFragility [m = BT,/2.303(T, — Ty)*].

Expected freezing temperature (defined at 7 = 100 s) of a* and o™ relaxations.
‘Correlation length of « relaxation obtained from the step in heat capacity as & = (kzT2A(1/c,)/p(6T)*)"/ and A(1/c,) =

(1/ glass) (1/c"qu'd) (see Fig. SIO).

°Star size estimated as [11] R = \/ (

density (0.826 gem™) [1].
Radius of gyration calculated from (

The results can also be compared with segmental relax-
ation in polymer nanocomposites based on polymer-grafted
nanoparticles [36-39]. In that case, the inorganic cores
constitute a substantial part of the composite (typically
around 40 vol/vol%). In general, they exhibit a higher 7',
than the bulk and a broad distribution of relaxation times.
In certain cases [36,37], the distribution could be decom-
posed into “interfacial” and “average” segmental relaxations.
However, there exist some differences with the present
hybrids. First, the inorganic core in the hybrids is in a range
from 0.6 to 1.8 vol/vol%. Second, the grafting density in the
present hybrids is much higher (6 to 15 chains/nm?, as
compared to ~0.3 chains/nm” in the composites) making
the chains highly stretched, giving rise to distinct segmental
dynamics in the outer and intermediate layers.

In conclusion, it was found that a series of multiarm stars
of 1,4-polybutadiene melts of extremely high branching
functionality behave as jammed soft colloids with distinct
layers of segmental mobility. Three mobility layers were
identified, comprising outer, intermediate, and near-core
PBD segments, all with a VFT temperature dependence.
Notably, functionality affected even the dynamics of those
segments located in the outer layer, that showed slower
dynamics and higher fragility. The magnitude of the
difference in relaxation times of the outer with the
intermediate and the core PBD segments displayed power
law dependences on functionality (as f~'? and f=20,
respectively). Additionally, the corresponding glass tem-
peratures display a f'/?> dependence. These results dem-
onstrate unanticipated rich dynamics of the hybrids, both at
long (arm and star relaxation) and short timescales (seg-
mental relaxation). They pave the way for further progress
in this field by accounting for multiple friction coefficients
in polymer hybrids.

This study demonstrated unambiguously and quantita-
tively how a branched topology affects segmental dynam-
ics. Specifically, solvent-free star-shaped jammed colloids

R,%)/M = 0.876 (A?) as (R2) = (R

+ (B3fNum/47) (Mo /pimassN4 ) ), where R.. is the inorganic core (estimated as 2.29 and 2.72 nm in
RS64 and RS128, respectively), and the radius of gyration of intermediate PBD (1 21 nm), M, =

105 gmol ™! [1], and py,, is the mass

,2)/6M [35].

exhibit a low-frequency colloidal plateau, but at the same
time also display distinct segmental dynamics, with asso-
ciated T';’s that are much higher than in the corresponding
linear chains. As similar results are to be expected for other
highly branched topologies, the results reported herein need
to be considered during composite processing by adjusting
the temperature. Additionally, the induced dynamic hetero-
geneity at the segmental level is beneficial in the design of
soft composites based on amorphous shape memory
polymers.
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