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Dynamics in Polymers with Phase Separated Dynamic Bonds: The
Case of a Peculiar Temperature Dependence
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The topic of polymers with dynamic bonds (stickers) appears as an exciting and promising area of materials science, thanks
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to their attractive self-healable, recyclable, extremely tough, and super extensible properties. Polymers with phase
separated dynamic bonds revealed several unique properties, but mechanisms controlling their viscoelastic properties

remain poorly understood. In this work, we present a dynamic analysis of a model polymer system with phase separated

hydrogen bonding functionalities. The results confirm that terminal relaxation in these systems is independent of polymer

segmental dynamics and is instead controlled by structural relaxations in clusters of stickers. Detailed analysis revealed a

surprising result: terminal relaxation time of these systems has weaker temperature dependence than that of structural

relaxation in clusters, although the former is slower than the latter. Borrowing the ideas from the field of block copolymers,

we ascribed this unusual result to an LCST-like behavior for the miscibility of the stickers in the polymer matrix. The

presented results and ideas deepen the understanding of the viscoelasticity for polymers with dynamic bonds, enabling

intelligent design of functional materials with desired macroscopic properties.

I. Introduction

Over the past century, polymers have become one of the most
widely used materials, thanks to their light weight, ease of large
scale processability, and unparalleled tunability of properties. In
recent years, polymers functionalized with dynamic bonds have
garnered great interest as they offer solutions to many issues
associated with traditional polymers, such as the growing need
for recyclability and reduced energy for processability ['].
Moreover, the addition of dynamic bonds into polymer systems
enables shape memory, super extensibility, extreme toughness,
and self-healing capabilities [>8]. The dynamic bonding
functionalities (stickers) include various chemistries ranging
from ionic interactions, hydrogen bonding, ©-w stacking, metal-
ligand, and even dynamic covalent bonds. Among those,
polymers with hydrogen bonding functionalities hold a
particular value because of an easily tunable interaction
strength [® 19]. In addition, hydrogen bonding functionalities are
more stable chemically and are less sensitive to water and
unwanted side reactions which may complicate the dynamics
and reversibility of other systems [*%12],
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To provide further mechanical reinforcement and decoupling of
terminal flow from segmental dynamics, functionalities that
phase separate from the polymer backbone can also be
incorporated ['318]. Recent investigations into this sort of
system have revealed a mechanism of network rearrangement
which can be attributed to structural relaxation in clusters of
stickers and to the miscibility difference between the sticker
and the polymer matrix [1°]. Moreover, it has been revealed that
these properties together with the concentration of stickers
govern the system dynamics up to the point of single sticker
pullout from the cluster, regardless of the polymer molecular
weight and architecture [29].

In the present study, we analyse the dynamics and
viscoelastic properties of polydimethylsiloxane (PDMS) chains
telechelically functionalized with a multi-OH group (Fig 1) which
form phase separated sticker clusters. We investigate these
rheology,
spectroscopy, and DSC to probe the dynamic behavior of this
system. We utilize X-ray scattering measurements to
characterize the arrangement of the clusters within the matrix

systems with a combination of dielectric

itself. Our studies revealed that terminal rheological behavior is
slower than the structural relaxation in clusters of stickers, but
its temperature variations appear slower than that of the
relaxation in clusters. These two dynamic processes (terminal
relaxation and structural relaxation in clusters) appear to
converge upon cooling. We explain this unusual behavior by a
peculiar temperature dependence of the Flory-Huggins
interaction parameter that is often observed for hydrogen
bonding systems. The presented results further expand the
horizon for materials design with phase separated dynamic
functionalities.
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Il. Experimental
Synthesis of Multi-OH PDMS Polymer
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Fig 1. Structure of the studied telechelic multi-OH PDMS
chains.

The multi-OH polymers were synthesized using a procedure
slightly adapted from Yepremyan et al. [1°]. Aminopropyl
terminated PDMS with different degrees of polymerization
(DP; DP22 sample synthesized with a precursor molecular
weight (MW) of ~1600 g/mol, DP50 with MW ~3000 g/mol,
and DP74 with MW ~5000 g/mol) was dissolved in 2-propanol
and was reacted with D-arabino-1,4-lactone ata 1:2
stoichiometric ratio while stirred at room temperature in a
round bottom flask. The 2-propanol was removed using
rotovap to leave behind the final viscous samples.

Broadband Dielectric Spectroscopy (BDS)

Dielectric spectra in the frequency range from 1072 to 106 Hz
were measured utilizing a Novocontrol Concept-80 system
which includes an Alpha-A impedance analyzer and a Quatro
Cryosystem temperature control unit. The multi-OH samples
were placed into a parallel plate dielectric cell made of
sapphire and stainless steel with an electrode diameter of 10
mm, and capacitance ~2.9 pF with an electrode separation of
~220 um. To prevent crystallization, all samples were
quenched from room temperature to about 113 K and
reheated to 10 K below the PDMS T, before the
measurements. All the spectra were measured on heating.
After each temperature increase, the samples were
equilibrated for 10 min to reach thermal stabilization within
0.2 K.

Small Amplitude Oscillatory Shear (SAOS) Rheology

SAOS rheological measurements were utilized to probe the
viscoelastic properties of the multi-OH samples through a
strain-controlled mode of the AR2000ex (TA Instruments) with
an angular frequency range from 102 to 107! rad/s. We used
parallel plate geometry with a disk diameter of 4 mm at a
variety of temperatures ranging from T, of PDMS to
temperatures where the sample can flow freely. The strain
amplitude during the measurement was chosen to be in the
range from 0.03% to 5% depending on the modulus level at
different temperatures.

Small Angle X-Ray Scattering (SAXS)

DP22, DP50, and DP70 samples were measured on XEUSS 3.0
(Xenocs, France) equipped with a Cu Ka microfocus source and
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a Pilatus 300k detector (Dectris, Switzerland). The scattering
wavevector (q) was calibrated by a silver behenate standard
material. The distance between sample and detector was 0.9
m and 0.55 m for SAXS and WAXS, respectively. The samples
were forced into quartz capillaries with a diameter of 1.5 mm
and a 0.01 mm wall thickness. These capillaries, as well as an
empty reference capillary were placed perpendicular to the X-
ray beam. These measurements were taken at room
temperature, and the intensity of the empty reference
capillary was subtracted from each sample. The noise at
intermediate g-range (~0.3-0.5 A1) appears due to bad
statistics at the edge of the SAXS data.

For temperature varied experiments, a reactivity stage was
utilized. The samples were allowed five minutes to equilibrate
at the desired temperature before the start of the
measurements.

Differential Scanning Calorimetry (DSC)

DSC measurements were performed using a Q2500 DSC from
TA Instruments. The samples were first equilibrated
isothermally at 373 K for 10 min in hermetically sealed pans to
remove the thermal history and then cooled to 183 K at a rate
of 10 K/min. After equilibration for 10 min, the samples were
heated up to 373 K at a rate of 10 K/min. This procedure was
repeated twice for each sample to ensure reproducibility.

ll. Results

The presence of phase separated clusters in each sample was
confirmed using both SAXS measurements (the presence of a
peak at the wave vector q ~0.1 A%, Fig. 2a), and DSC (a
calorimetric glass transition (Fig. 3) at temperatures higher
than the backbone T, ~ 145-152K). The SAXS contrast between
polymer matrix and functional groups most probably is related
to the presence of Si atoms in the polymer backbone. The
SAXS peak suggests a well-defined distance between these
clusters, however, a relatively large width of this peak suggests
no good lattice-like structure. The peak in SAXS spectra shifts
to lower q with an increase in DP (Fig. 2a), reflecting, as
expected, an increase of the distance between clusters with
the increase of the chain length. The peaks at higher q
correspond to intersegmental correlations (q~0.85 A1) and
intra-segmental correlations (q~1.5 A1) of the PDMS backbone
[21]. Analysis of the SAXS data does not reveal any particular
temperature variations suggesting that the clusters remain
intact in the studied temperature range (Fig. 2b). Apparently
strong difference in polarity of the end groups and the
backbone leads to a stable phase separation in this
temperature range (see more details in the Discussion
section). Analysis of the peak position near 0.1 A1 allows
estimates of the distance between clusters (d = 21/qc). Using
these values and assuming that all functional groups are
segregated into clusters with a cubic arrangement of clusters,
an estimate of cluster radius can be made using equation 1

2
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Fig 2: (a) X-Ray scattering data for the studied samples at room
temperature. The peak at q ~ 0.1 A1 confirms the presence of
phase separated clusters. (b) SAXS data for the DP50 sample at
various temperatures.
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Fig 3. DSC data shows the glass transition at temperatures
much higher than the backbone T,. T, marked by vertical lines
are estimated as the temperature at the middle of the step in
the heat flow.
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here f. is the volume fraction of the end groups that we
assumed to be equal to the weight fraction. Assuming density
in the clusters ~ 1g/cm?3 provides estimates of the number of
end groups Neng per cluster (Table 1).

The DSC data show a slight change in the cluster T, and a
broadening of the transition with an increase in DP (Fig. 3). The
latter might be related to smaller volume fraction of chain
ends in samples with larger DP forming smaller size of clusters
(see, Table 1).

Table 1. Weight fraction of the end groups, fe, centre-to-centre
distances d and radius Rquster Of phase separated clusters,
numbers of end groups per cluster Nenq, Tg of the backbone
and of the clusters.

DP22 DP50 DP74
fo (Wt%) 19 11.2 7.1
d (nm) 4.7 5.3 5.8
Reluster (NM) 1.86 1.71 1.56
Nend 85 66 50
Backbone T, (K), BDS | 151.3+0.5 | 147.7+£0.5 | 146.5+0.5
Cluster T, (K), BDS 232.2+1 225.1+1
Cluster T, (K), DSC 227.4+2 232.5+3 232.2+5

Dielectric measurements (Fig. 4) revealed three dynamic
processes that we assigned following our earlier studies of
similar systems [ 14 19,20]; (1) segmental relaxation (the a-
process) caused by change of the monomers dipole
orientations during motions of PDMS segments; (2) a dimeric
sticker dissociation (¢ * process) caused by change of the
dipole moment during dissociation of stickers; and (3) a cluster
relaxation (@2 process) caused by change of the dipole
moments due to motion of end groups in the clusters. These
were present in each sample except the DP22 sample where
the az-process is hidden by conductivity. Apparently, higher
concentration of OH and NH groups in DP22 sample leads to
higher conductivity (tail at low frequency in the Fig. 4b). This
strong conductivity tail covers the expected at lower frequency
az-process in BDS spectra of DP22 sample. The peaks in
dielectric loss spectra were fit using a Havriliak-Negami
function:

Ae
(1 + (l'ZT[fTHN)a)y

£'(f) = 2)

here At is the dielectric amplitude of a given process, Tyy
corresponds to the characteristic Havriliak-Negami relaxation
time of the process, while a and y represent shape parameters
for the given process. The loss peak maximum is traditionally
used to estimate the characteristic relaxation time of a
relaxation process, and it can be related to the Ty [23]:
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Fig 5. Temperature dependence of characteristic dielectric
relaxation times for the segmental (a) process, dimeric sticker
dissociation (a*) process, and cluster (a,.y) relaxation (closed
symbols) and the rheological intermediate and terminal
relaxation times (open symbols). Lines show VFT fits for t,(T).
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picture presenting different relaxation processes and
viscoelastic regimes of the studied systems. The terminal
relaxation times are determined as the inverse frequency at
which G’(w) and G”(w) are crossing. The loss moduli spectra
also show an intermediate process (Fig. 6) that was fit using an
HN function to determine its relaxation times (Eqs. 2 and 3). To
avoid the problems of time-temperature superposition, we
estimated characteristic rheological relaxation times only at
temperatures when the processes are in the measured
frequency range (Fig. 5). The intermediate rheological process
has a characteristic time scale comparable to the dimeric
dissociation time t,+(T) estimated from the BDS data (Fig. 5).

The fastest dielectric process (a-process, Fig. 4) presents
PDMS segmental relaxation [°], and extrapolation of its
relaxation times to 1, = 100s provides estimates of the
polymer matrix T, (Table 1). By extrapolating the cluster
relaxation times to Ta2 = 100 s, we can estimate the T, of the
clusters from BDS data. It agrees well with the calorimetric
glass transition temperature (Table 1) supporting our
assignment of this dielectric process. The @™ process appears
strong enough for an accurate fit only in the DP22 sample (Fig.
4). To compare directly BDS and rheological relaxation times,
they should be estimated in the same way using, e.g., modulus
spectra. To achieve this, the dielectric loss modulus data (Figs.
4d, 4f) instead of the dielectric permittivity[?4] are used to
estimate the characteristic relaxation time of the az and a”*
processes:

M* (w) = =M'(w) +iM" (w)(4)

O

The characteristic times of all the dielectric processes are
shown by closed symbols in Figure 5.

Rheology data revealed an extended rubbery plateau in each
sample. Its level increases with the decrease of DP as the
density of stickers increases (Fig. 6). Master curves of G*(w)
are produced using time-temperature superposition. The time-
temperature superposition actually fails in these systems due
to different temperature dependence of relaxation processes
(Fig. 5). It means that the difference in relaxation times
observed in the master curves (Fig. 6) might be misleading.
Yet, the obtained master curves serve as a useful qualitative

This journal is © The Royal Society of Chemistry 20xx
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Fig 6. Rheological master curves for each studied sample. The
slope 0.5 indicates the Rouse regime at frequencies above the
rubbery plateau. The slopes 2 for G’(®) and 1 for G”(®)
indicate terminal regime. The arrows show intermediate
relaxation process in the loss modulus spectra. The line shows
an example of the fit of the intermediate relaxation process.

IV. Discussion

We start the discussion with an analysis of the polymer matrix
a-relaxation. As has been demonstrated in many publications
[20-25], an increase in sticker concentration leads to a slowing
down of segmental relaxation and an increase in the polymer
matrix T, (Fig. 5, Table 1). The latter appears to vary nearly
linear with sticker concentration (1/DP), and falls well within
the linear dependence seen for other PDMS-based systems
regardless of the placement of the stickers on the chain and
type of stickers for PDMS [29] (Fig. 7). These results agree well
with the recent theoretical predictions for associating
polymers with relatively strong sticker associations [?°]. The
appearance of the binary stickers' dissociation process in the
dielectric relaxation data allows estimates of the energy
barrier for their dissociation E, [26-28]:

J. Name., 2013, 00, 1-3 | 5
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T+ (T)
E,~RT *In (W) (5)
Here R is the gas constant. The temperature range where
experimental data can be measured for both t4(T) and t,«(T) is
very narrow (Fig. 5), and we extrapolated the data for the t,(T)
using Vogel-Fulcher-Tammann (VFT) fit:

7(T) = toexp (=) (6)

with 1, fixed to 1012 s. The estimated activation energy for
dissociation appears to be ~23 kJ/mol (Fig. 8), which
corresponds to breaking ~3-4 hydrogen bonds. Apparently, not
all OH and NH groups of the stickers form hydrogen bonding in
these binary interactions.

Fig 8. The ratio of relaxation times for the intermediate
(dimeric) process, T4+, and the segmental relaxation time, T,
from BDS vs inverse temperature for DP 22 sample. The data
for 14(T) were extrapolated to higher temperatures using a VFT
fit. The slope provides an estimate of the dissociation energy
for the binary interactions of the stickers.
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Fig 7. The polymer glass transition temperature vs mole
fraction of the functional groups. The red symbols present the
system investigated in this work, while the black symbols are
from the previous publication [29].
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The rheological intermediate process has a characteristic time
scale similar to t4+(T) from BDS (Fig. 5). The result suggests that
this rheological process should be also related to the binary
interactions of stickers. It is known, however, that BDS
measures the bond dissociation process (change of dipole
moment upon bond dissociation) while rheology measures
bond rearrangement time [ 26]. According to the bond lifetime
renormalization model [?°], these times might differ
significantly but will be similar in the case of a strong
interaction regime when E, >> 2RT*Ln(N), here N is the
number of backbone segments. Indeed the estimated energy
barrier for dissociation appears much higher than 2RT*Ln(N) ~
6.4 kJ/mol for the DP22 sample [* 2°], and this explains why the
bond dissociation time measured by BDS and the bond
rearrangement time measured by rheology are very similar
(Fig. 5). Unfortunately, a*-process in BDS spectra of DP50 and
DP74 samples is weak for detailed quantitative analysis (Figs.
4c, 4e). But its separation from the a-process is similar to that
observed in the DP22 sample, suggesting (as expected) the
same energy barrier for the binary bond dissociation
independent on the backbone molecular weight. In this case,
all the samples remain in the strong dissociation energy
regime with E, much larger than 2RT*Ln(N) ~ 9.2 kJ/mol for
DP50 and ~10.5 for DP74 samples.

SAXS and rheological data suggest that the majority of stickers
are phase separated in clusters, and structural relaxation in
these clusters controls the terminal relaxation (Fig. 5).
Molecular weight of all studied here systems is significantly
below the entanglement molecular weight of PDMS (M, ~
15000, i.e. DP ~ 200). Yet, all 3 samples show very extended
rubbery plateau with the modulus in MPa range (Fig. 6). This
level is significantly higher than in entangled PDMS and is even
higher than expected from the molecular weights of PDMS
backbone. As has been seen in other phase separated systems,
the presence of glassy clusters reinforces the plateau modulus
in @ mechanism similar to the reinforcement in polymer
nanocomposites [13-1°]. This additional reinforcement comes
from a polymer interfacial layer surrounding glassy clusters
that has significantly higher elastic modulus than the pure
polymer matrix. It can be well described using the interfacial
layer model [*3-1%], which is out of scope of the current studies.
The clusters of stickers work as crosslinks and provide a
substantial extension of the rubbery plateau in frequency [*3].
It has been suggested in ['°] that a single sticker pullout from a
cluster controls the terminal relaxation time in telechelic
systems. This sticker pullout process is controlled by the
structural relaxation in clusters, T4\, and an additional energy
barrier E¢ defined by the miscibility of the polymer matrix and
sticker [30-33]:

This journal is © The Royal Society of Chemistry 20xx
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2e(T) = Tay - w(T)exp (57) = Tay w(T)exp (axNy)

(7)

Here x is the Flory-Huggins interaction parameter between the
sticker and the polymer matrix, and N, is the number of
segments in the sticker which we assume tobe Ny=1. ais a
constant ~0.5-1 [34]. This idea was borrowed from block
copolymer field because indeed telechelic system can be
considered as a tri-block copolymer. For this specific
functionality, an unusual behaviour is evident when comparing
the terminal and cluster relaxation times (Fig. 5): The cluster
relaxation times exhibit a stronger temperature dependence
than the terminal relaxation times, and both times might
converge at lower temperatures. This behaviour corresponds
to a negative B term in the expression for the effective
interaction parameter (Fig. 9):

y=A+B/T (8)

This behaviour is known for some block copolymers, especially
for systems with hydrogen bonding [3°-38]. It usually leads to a
lower critical solution temperature (LCST). Estimates of y using
the Hansen solubility parameter approach [39] (see the
Appendix) provides a value comparable to the experiment (Fig.
9), although this comparison does not have much value
because the temperature dependence of x — parameter is
opposite to that expected in classical theory.

We emphasize that the SAXS measurements did not reveal any
significant changes in morphology of the systems even down
to 193K (Fig. 1b). Based on this result we suggest that though
the two phases may be more miscible at lower temperatures
(as would be implied with an LCST), the clusters might be
locked in place at these temperatures because of their glassy
state.

Soft Matter

Fig 9. Temperature dependence of the Flory-Huggins
interaction parameter estimated using eq. 7.
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V. Conclusions

We presented a detailed analysis of dynamics in associating
telechelic polymers with multiple hydrogen bonding stickers.
Segmental relaxation of the polymers slows down with an
increase of concentration of stickers leading to a nearly linear
increase in Ty with the mole fraction of stickers. The latter
agrees well with the recent theoretical predictions [?°]. Both
dielectric and rheological data revealed the existence of an
intermediate relaxation process assigned to the binary
stickers’ dissociation and rearrangement processes. The
energy barrier for the stickers dissociation appears relatively
high, ~23 kJ/mol, as expected for multiple hydrogen bonds.
This high energy barrier explains why the bond rearrangement
and bond dissociation processes for the binary interactions
have similar time scales.

The most interesting result is that the majority of these
stickers form micro-phase separated clusters, as evidenced by
SAXS data and the existence of the second T,. We analysed the
dynamics and terminal relaxation of these systems using the
idea proposed in earlier studies [** 2], which suggests that
terminal relaxation is defined by the process of pulling a
sticker from a cluster. This process is controlled by the
structural relaxation time in the clusters with an additional
energy barrier defined by the miscibility of the sticker with the
polymer backbone, i.e. by the Flory-Huggins interaction
parameter [3°33]. This mechanism enables control of terminal
relaxation and viscoelastic properties of materials essentially
independent of the polymer segmental relaxation. Detailed
analysis of the dielectric and rheological data in the studied
systems revealed a surprising result: the y-parameter
decreases upon cooling, suggesting potential LCST behaviour,
where the stickers and polymer chain become more miscible
with decreasing temperature. This behaviour is known for
some block copolymers, especially those with hydrogen bonds
[37-38 40], We speculate that glass transition prevents the
dissolution of clusters in the polymer matrix at lower
temperatures preventing in this way observation of the
expected LCST. This leads to a regime of rheological behaviour
in which terminal flow is defined largely by structural
relaxation in the clusters at lower temperatures, whereas it is
delayed substantially beyond this time at higher temperatures
when the stickers become less miscible in the polymer matrix.
The presented results shed more light on the interplay
between functional group cluster and backbone chain,
allowing for more intelligent and precise design of functional
materials with required viscoelastic properties.

VI. Appendix: Estimates of the Flory-Huggins
interaction parameter using Hansen Solubility
Parameter (HSP)

The x-parameter can be roughly estimated using Hansen
Solubility parameter (HSP) approach [3°]. In this case,

J. Name., 2013, 00, 1-3 | 7
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(6end - SPDMS)ZVend
X= RT (s1) 6hb =

(38nb,cu2 + 368nhb,cHoH + Shb, co + Shv,on + Shb,cHank + 7.7003)

Here Oeng and Sppms are HSPs for the end group and PDMS

backbone, respectively, and Venq is the volume of the end =16.2708 (Mpa)E (S8)

group. Sppus is ~7.3 cal¥2cm3/2 [41], §,,4 is estimated using . . s
34 L - . . 1 3

HSP[34] that divides the solubility parameter into 3 partial Thus, Seng = 25.33 (MPa)Z =12.38 cal’cm 2.

components, 8 - the dispersion part, §, - the polarity part and

&np - the hydrogen-bonding part. The total solubility parameter With Veng ~190 cm3/mol, we estimate y ~ 8.8 at T=270K. With

is calculated as the usual parameter o ~ 0.5 [3%41.43], vy will be in the range

comparable to the experimental data in the Figure 9. However,

2 2 2
6= A/ (5d + 8p + 6hb) (s2) the temperature dependence of the Flory-Huggins parameter
(Fig. 9) is opposite to the expected in classical theory (eq. S1),
Each partial parameter can be estimated through the group leading to the LCST behaviour. The latter behaviour is known
contribution method: for many hydrogen bonding systems [35-38].
1
0.4126 5
8a=(ENCi+ X M;D; +959.11)" " (MPay’
(S3) Authors Contributions
1
6, = (ZiNiCi + ZijDj +7.6134) (MPa)* (S4) P.C., S.G. and S.S. performed all the measurements and data
1 analysis, B.L. synthesized the polymers, A.P.S. developed the
Snp = (ZiNiCi + Z]-Mij 47.7003) (MPa)? (S5) concept and led the research.

where C; is the contribution of the first-order groups of type i
that appears N; times in the compound and D; is the
contribution of the second-order groups of type j that appears
M; times in the compound.
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