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ABSTRACT: We examined the behavior of poly(mercaptopropyl)methyl-
siloxane (PMMS), characterized by a polymer chain backbone of alternate
silicon and oxygen atoms substituted by a polar pendant group able to form
hydrogen bonds (−SH moiety), by means of infrared (FTIR) and dielectric
(BDS) spectroscopy, differential scanning calorimetry (DSC), X-ray diffraction
(XRD), and rheology. We observed that the examined PMMS forms relatively
efficient hydrogen bonds leading to the association of chains in the form of
ordered lamellar-like hydrogen-bonded nanodomains. Moreover, the recorded
mechanical and dielectric spectra revealed the presence of two relaxation
processes. A direct comparison of collected data and relaxation times extracted
from two experimental techniques, BDS and rheology, indicates that they
monitor different types of the mobility of PMMS macromolecules. Our
mechanical measurements revealed the presence of Rouse modes connected to
the chain dynamics (slow process) and segmental relaxation (a faster process),
whereas in the dielectric loss spectra we observed two relaxation processes related most likely to either the association−dissociation
phenomenon within lamellar-like self-assemblies or the sub-Rouse mode (α′-slower process) and segmental (α-faster process)
dynamics. Data presented herein allow a better understanding of the peculiar dynamical properties of polysiloxanes and associating
polymers having strongly polar pendant moieties.

■ INTRODUCTION

Polysiloxanes (or silicones) are an important class of polymers
having backbone consisted of alternate silicon and oxygen
atoms.1 Because of the highly flexible structure, low chemical
reactivity and toxicity, and high thermal stability, they are
extensively used in, for example, adhesives, households,
medicines, lubricants, textiles, and electronics industries, just
to name a few.2−7 Because of this enormous versatility of
applications, great effort is put into designing new enhanced
siloxane-based materials.8−13 Nevertheless, it should be
pointed out that this progress cannot be achieved without
comprehensive studies allowing us to understand behavior and,
most importantly, connect the desired properties of produced
siloxane-based compounds with their structure. One can recall
that the two of the most studied polysiloxanes are poly-
(dimethylsiloxane) (PDMS, Figure 1a) and poly(methyl-
phenylsiloxane) (PMPS, Figure 1b). Accordingly to the
classification based on the geometric dipole arrangements in
polymer given by Stockmayer,14 both of them are considered
as type B polymers, where the dipole moment is perpendic-
ularly attached to the main chain backbone.15,16

Recent studies of hydroxyl-terminated PDMS (assigned as
HO-PDMS-OH) revealed two well-distinguishable loss peaks

in the dielectric spectra of this polymer.17 Interestingly, a
similar scenario was also noted in the mechanical data, which
allowed the authors to identify the α-process (faster mode)
and an additional slower one, which, by the analogy to the
monohydroxy alcohols, was assigned to the mobility occurring
within hydrogen-bonded supramolecular structures. Addition-
ally, an increased ability to form self-assemblies (due to the
presence of hydroxyl terminal groups in HO-PDMS-OH) leads
also to a different molecular weight dependence of the glass
transition temperature, Tg. In PDMS, Tg increases with
molecular weight, Mn, up to some limiting value of Tg

16

according to the Fox−Flory relation.18,19 In the case of HO-
PDMS-OH, an opposite scenario was noted. In these
polymers, Tg decreases with Mn. Nevertheless, the glass
transition temperature of HO-PDMS-OH reaches a similar
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value as that estimated for PDMS in the high-molecular-weight
range.17

Further photon correlation spectroscopy (PCS) measure-
ments performed on the low-molecular-weight PMPS also
demonstrated the presence of the two processes at first
assigned to the local segmental motion (a faster process) and
chain diffusion (slower one).20,21 However, systematic studies
indicated that although the faster process is indeed the α-
relaxation process, the slower one reflects the so-called sub-
Rouse modes of time and length scales intermediate between
the Rouse and segmental ones.22−24 Additional complemen-
tary PCS experiments on PMPS and various poly(methyl-p-
tolylsiloxane)s (PMpTS) confirmed that both processes
originate from the molecular motions of comparable units,
but of different cooperativity.25,26 In this context, it is also
worthwhile to remind that recent studies on various PMPS,
both bulk and confined into alumina templates, also revealed
the presence of sub-Rouse modes on the low-frequency flank
of the segmental relaxation process in dielectric loss
spectra.27,28 Note that no data on the presence of sub-Rouse
modes within PDMS were reported so far.
Differences in the dynamics and number of relaxation modes

detected in PDMS and PMPS were discussed in terms of the
larger steric hindrance effect posed by the phenyl pendant unit
in the latter system that influenced the intermolecular
cooperativity. Hence, it is interesting to ask the following:
What is going to happen when the methyl side group of PDMS
is replaced by a long pendant moiety able to form the
hydrogen bonds? Will the sub-Rouse modes be observed or
rather the Debye process? How differently will it behave in
comparison to PDMS (including HO-PDMS-OH) and PMPS?
To answer all of these questions, we studied the behavior of
the PDMS derivative, poly(mercaptopropyl)methylsiloxane
(PMMS), where the one methyl group was replaced by an
alkyl pendant chain terminated with the thiol/sulfanyl (−SH)
moiety (see Figure 1c). One can mention that the ability to
form the hydrogen-bonded supramolecular structures is very
weak in the case of thiol materials. However, it is true only for
systems measured at room temperature, where these specific
interactions are of comparable strength to the typical van der
Waals forces.29,30 At lower temperatures, this situation is much
different since the thiol moiety is capable of creating stronger

H-bonds that affect the structure and properties of the given
system. Therefore, we expect that an increasing steric
hindrance induced by the presence of an alkyl pendant
group terminated by the H-bonding moiety might help us to
better understand the puzzling dynamics of siloxane-based
materials and properties of associating polymers31,32a new
generation of systems intentionally designed to reveal non-
covalent interactions, that is, H-bonding, metal−ligand
bonding, π−π interactions, ionic bonding, and host−guest
interactions.33 This targeted modification is aimed to produce
novel macromolecules characterized by the structural reversi-
bility leading to the unique and most-needed features, such as
recyclability, degradability, stimuli responsivity, self-healing,
and shape-memory behavior.34

■ EXPERIMENTAL SECTION
Materials. Poly(mercaptopropyl)methylsiloxane homopolymer

(PMMS, 75−150 cSt) was purchased from Gelest and used as
received (molecular weight,MnSEC = 2400 g/mol, dispersity, Đ = 1.26,
determined by Viscotek TDA 305 triple detection, THF as eluent).
The studied PMMS is a water-like thin liquid with the glass transition
temperature Tg = 178 K (see Figure 1d). Note that no trace of
crystallization was observed on both cooling and heating calorimetric
scans.

Differential Scanning Calorimetry (DSC). Calorimetric meas-
urements of PMMS were performed by a Mettler-Toledo DSC
apparatus equipped with a liquid nitrogen cooling accessory and an
HSS8 ceramic sensor (heat flux sensor with 120 thermocouples).
Temperature and enthalpy calibrations were performed by using
indium and zinc standards. The sample was prepared in an open
aluminum crucible (40 μL) outside the DSC apparatus and measured
on heating from 150 to 298 K at a constant heating rate of 10 K/min.

Temperature-Modulated Differential Scanning Calorimetry
(TMDSC). Using a stochastic TMDSC technique implemented by a
Mettler-Toledo TOPEM , we analyzed the dynamic behavior of
PMMS in the frequency range from 4 to 30 mHz in one single
measurement at a heating rate of 0.5 K/min. In the experiment, the
temperature amplitude of the pulses of 0.5 K was selected with a
switching time range with minimum and maximum values of 15 and
30 s, respectively. The calorimetric structural relaxation times, ταc = 1/
2πf, were determined from the temperature dependences of the real
part of the complex heat capacity, Cp′(T), obtained at different
frequencies in the glass transition region for PMMS. The glass
transition temperature Tg was determined for each frequency as the
temperature of the half-step height of Cp′(T).

Fourier Transform Infrared Spectroscopy (FTIR). FTIR
measurements were performed with the use of a Nicolet iS50 FTIR
spectrometer (Thermo Scientific) in the frequency range from 800 to
4000 cm−1. The bands below 800 cm−1 were not taken into account
due to the absorption of CaF2 windows. FTIR spectra were collected
with the spectral resolution of 4 cm−1, taking 32 scans per spectrum.
The temperature experiment of FTIR measurements was regulated/
controlled through a Linkam THMS 600 heating/cooling stage
(Linkam Scientific Instruments Ltd., Surrey, UK) mounted inside the
sample stage of the IR spectrometer. The temperature changes were
measured with the cooling rate of 10 K min−1, and the temperature
stabilization accuracy was equal to 0.1 K.

FTIR spectra of PMMS solutions in carbon tetrachloride (CCl4)
were recorded by using a transmission solution cell with KBr (0.01
M) and NaCl (0.1 M) windows with a path length of 1.03 and 0.26
mm, respectively. For each solution, 16 scans were collected in the
range from 400 to 4000 cm−1 with a spectral resolution of 4 cm−1.

X-ray Diffraction (XRD). The temperature-dependent wide-angle
XRD measurements were performed by using a Rigaku-Denki D/
MAX RAPID II-R diffractometer with Ag Kα radiation (wavelength λ
= 0.5608 Å), equipped with an incident beam (002) graphite
monochromator and an image plate detector in the Debye−Scherrer
geometry. The sample was measured in glass capillary with a diameter

Figure 1. (a) Chemical structures of PDMS (a), PMPS (b), and
studied poly(mercaptopropyl)methylsiloxane, labeled as PMMS (c),
as well as its DSC thermogram (d).
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of 1.5 mm. An empty capillary was measured under the same
conditions and used for background subtraction. The temperature was
controlled by using an Oxford Cryostream Plus and Compact Cooler
in the range from 193 to 293 K. The obtained two-dimensional
diffraction patterns were converted into one-dimensional intensity
data versus the scattering vector, Q = 4π sin θ/λ, where 2θ is the
scattering angle.
Broadband Dielectric Spectroscopy (BDS). Dielectric permit-

tivity, ε*(ω) = ε′(ω) − iε″(ω), values at ambient pressure were
measured by using the impedance analyzer (Novocontrol Alpha) over
a frequency range from 1 × 10−1 to 3 × 106 Hz. The samples were
placed between two stainless-steel electrodes (diameter: 10 mm; gap:
0.05 mm) and mounted inside a cryostat. During the measurement,
each sample was maintained under dry nitrogen gas flow. The
temperature was controlled by a Quatro Cryosystem using a nitrogen
gas cryostat, with stability better than 0.1 K. The temperature-
dependent dielectric measurements were performed in the range from
173 to 303 K. It should be mentioned that for the majority of glass
formers dielectric spectra are usually shown in a permittivity, ε*,
representation (see Figure 5). However, to compare results obtained
from mechanical and dielectric investigations, usually, latter data are
converted to the modulus representation.35 Electric modulus and
complex permittivity are related as follows:

ω
ε ω

ω ω* =
*

= ′ + ″M M iM( )
1
( )

( ) ( )
(1)

where real (M′) and imaginary (M″) parts of M* have the following
forms:
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By use of eq 2, dielectric data were recalculated from ε″(ω) to M″(ω)
as shown in Figure S3.
Collected spectra in electric modulus representation were further

analyzed by the superposition of two or three Havriliak−Negami
(HN) functions:36
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where αHN and βHN are the shape parameters representing the
symmetric and asymmetric broadening of given relaxation peaks, ΔM
is the dielectric relaxation strength, τHN−M is the HN relaxation time
in electric modulus representation, and ϖ is an angular frequency (ϖ
= 2πf).
To estimate the value of the glass transition temperature, Tg, the

data presented in Figure 6 were fitted by using the Vogel−Fulcher−
Tamman (VFT) equation:37−39
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where τ∞ is the relaxation time at finite temperature, DT is the fragility
parameter, and T0 is the temperature, where τ goes to infinity. To
calculate the activation barrier for the γ-process, the Arrhenius
equation was used:
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where kB is the Boltzmann constant and ΔE is the activation energy.
Shear Rheology. The viscosity of PMMS was determined by

means of an ARES G2 rheometer. The viscosity measurement in the
vicinity of the liquid−glass transition was performed by using
aluminum parallel plates geometry (diameter = 8 mm). For the
oscillation-frequency rheological experiments, the investigated sample
was tested in the frequency range from 0.1 to 100 rad s−1 (12 points
per decade) and over the temperature range T = 177−203 K.

■ RESULTS AND DISCUSSION
To study the temperature evolution of the hydrogen (H)-
bonding pattern in PMMS, the system was characterized by IR
spectroscopy. Note that in our study we focused only on
PMMS of molecular weightMn = 2400 g/mol, which is a liquid
with Tg = 178 K (Figure 1d). This is important information,
considering that only in the case of low-molecular-weight
polymers, similarly to HO-PDMS-OH, the formation of the
supramolecular structures via H bonds was clearly observed.17

Just to add that with the elongation of the polymer backbone,
the role of specific interactions becomes weaker, and the
association process is being suppressed. FTIR measurements
were performed from room temperature (T = 293 K) down to
the liquid nitrogen temperature (T = 83 K). The evolution of
the IR spectra for PMMS as a function of temperature is given
in Figure 2. As observed at T = 293 K, PMMS shows the

intense band located between wavenumber, ν, 3000 and 2800
cm−1 (2957, 2927, 2881, 2862, and 2795 cm−1) assigned to the
asymmetric and symmetric C−H stretching vibrations of the
methyl and methylene groups (νC−H). The S−H stretching
vibration is found as a small peak at 2557 cm−1. According to
the literature, the band of free (non-H-bonded) S−H group,
νS−H, is usually located at about 2580−2590 cm−1. Thus, the
occurrence of the νS−H band in the PMMS spectrum at lower
wavenumbers can be associated with the hydrogen bond’s
formation.40,41 The Si−CH3 groups are easily recognized by a
characteristic, very sharp band at 1260 cm−1, whereas the
weaker peak appearing at 1175 cm−1 is assigned to the
deformation vibration of the Si−CH2 groups in the propyl
chain (δSi−CH2

).42 Both bands confirm that two types of alkyl
groups are directly attached to a silicon atom. The origin of the
bands at the region of ∼900−1000 cm−1 can be associated
with the C−C stretching vibrations of methylene groups.42,43

The strongest spectral feature in the IR spectrum of PMMS
occurring as a broad band with an absorption maximum at
1080 cm−1 arises from the asymmetric Si−O−Si stretching
vibrations (νas(Si−O−Si)).

42,44

As the temperature gradually decreases to T = 83 K, the
intensity of IR bands increases, and they are slightly shifted to
lower frequencies. The peaks associated with the C−H groups
show the only small red-shift of about 2 cm−1 (νC−H) or 1
cm−1 (δSi−CH2

). Particularly interesting spectral behavior after
the temperature drop is observed for the S−H stretching
vibration band; that is, the νS−H band shifts to lower
frequencies from 2557 to 2538 cm−1 (Δν = 19 cm−1), and
its intensity strongly increases. This red-shift is attributed to
the shortening of the S−H bond length and denotes the

Figure 2. Temperature-dependent evolution of recorded IR spectra
(3050−900 cm−1) of PMMS.
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stronger H-bonding interactions between the S−H groups.
The decreasing temperature also leads to a red-shift of the
νas(Si−O−Si) band; that is, the change of the peak frequency from
1080 to 1074 cm−1 is observed (Δν = 6 cm−1). In this case, the
red-shift is associated with deformation of the PMMS
structure, involving the elongation of Si−O bonds to
accommodate the mercaptopropyl group linked to the
inorganic silica chain. This suggests a modification of the
polymer backbone conformation as the H-bonding interactions
of −SH groups between neighboring chains become stronger
with decreasing temperature. Complementary to the temper-
ature-dependent studies, we also decided to perform solution-
state FTIR measurement to evaluate the strength of the H
bonds and tendency to the association of PMMS (see Figure
S1). By use of this method, it was possible to determine the
position of the SH stretching vibration peak at 2578 cm−1

corresponding to the free (non-hydrogen-bonded) system in
very diluted solutions (PMMS concentrations in CCl4 ≤ 0.01
M). As PMMS concentration increases (>0.01 M), the νS−H
band is red-shifted, reaching limiting value ∼2557 cm−1 for
neat PMMS. This simple experiment demonstrated that
PMMS forms supramolecular structures even at room
temperature. Note that also the DLS measurements performed
for solutions of PMMS in CCl4 of various concentrations
indicates a formation of small aggregates (see Figure S2).
To obtain further insight into the structure of PMMS during

cooling, additional structural (XRD) studies were performed
on this polymer at temperature range T = 193−293 K.
Interestingly, the diffraction pattern of PMMS at T = 293 K
shows two diffuse peaks in the low scattering vector range (see
Figure 3a). The more intense reflection at around 1.5 Å−1 gives

average periodicity distance d = 2π/Q of around 4.2 Å that
could be associated with the nearest-neighbor distance of the
short-range order between polymer macromolecules within the
disordered network. On the other hand, the peak at around
0.75 Å−1 arises due to the supramolecular cluster formation
and a medium-range order with repeating distance, d, around
8.5 Å. Such a periodicity might correspond to the interchain
separation distance when PMMS chain backbones tend to
organize closely parallel to each other into lamellar-like
domains (see Figure 3b). The determined full width at half-
maximum, FWHM, of the prepeak helps to estimate the
coherence length, L (the average size of the lamella in the
direction perpendicular to PMMS backbone), via the formula
L = 2π/FWHM. At T = 293 K, the L is equal ∼35 Å (3.5 nm).

As temperature decreases down to T = 193 K, a monotonic
shift of both diffraction peaks toward higher Q values can be
observed, suggesting a grow of polymer density and shortening
of interchain distances. Interestingly, the intensity of the main
diffraction peak increases, while the width sharpens with a
temperature that is a typical behavior due to less thermal
motions of the macromolecules, whereas the intensity of the
prepeak atypically decreases with lowering the temperature. A
similar scenario was observed in H-bonding monohydroxy
alcohols45 and other associating systems.46 This effect is mostly
interpreted as due to a change in the relative orientation of
chains or inhomogeneous fluctuation in the density (dis-
tribution of chains in the network). In turn, the prepeak width
decreases slightly with a temperature drop, and the average size
of the ordered regions, L, increases up to 3.7 nm at T = 193 K.
This indicates the longer-range ordering of chains due to less
thermal motions of molecules and formation of the stronger H
bonds via thiol moiety compared to T = 293 K, as found by
FTIR investigations. The diffraction pattern in the wide
scattering vector range showed in the inset of Figure 3a is
mostly related to the intrachain structure of the studied PMMS
via hydrogen bonds. As can be seen, this part of the diffraction
data do not show any significant changes with decreasing
temperature. Although FTIR studies indicated the elongation
of Si−O bonds in the PMMS backbone with decreasing
temperature, the overall structural motif of PMMS chains is
preserved.
To summarize this part, one can state that presence of thiol

moieties (having a weak tendency to the formation of the
effective H bonds) at the end of alkyl pendant side groups
induce association process that gets stronger with lowering
temperature. In consequence, this phenomenon leads to the
formation of lamellar supramolecular domains consisting of a
few chains parallel to each other. What is more, since the
examined PMMS has the H-bonding moiety (−SH group,
Figure 1c) in every repeatable unit, one can expect that H
bonds between neighboring chains will create some kind of
cross-links leading to rather ladder-like architecture than the
chain or brush-like structure discussed in the case of hydroxyl-
terminated HO-PDMS-OH.17

In the next step, we performed dielectric measurements in a
wide temperature range to characterize the molecular dynamics
of PMMS. Unexpectedly, it was found that there is a bimodal
loss peak consisted of the two relaxation processes that tend to
merge upon approaching the glass transition temperature, Tg
(see Figure 4). To visualize this finding in a better way, three
representative dielectric loss spectra out of those presented in
Figure 4a were separately shown together with the fits
composed of single or superposition of the two Havriliak−
Negami (HN) functions (see Figures S3 and S4). This kind of
data presentation clearly indicated that the latter protocol (two
HN functions) yields fits that described the obtained data
much better in the whole range of frequencies when compared
to the former approach. Note that the fit quality when using
only one HN function was markedly worse, especially in the
low frequencies (see Figure S4). This implies that the loss peak
observed above Tg is, in fact, a bimodal and cannot be
considered as broad and asymmetric single relaxation process.
Consequently, further, the collected data were analyzed with
the use of at least two HN functions (see the Experimental
Section). In Figure S5, we plot the HN shape parameters as
well as the dielectric strength, Δε, determined for both
relaxation processes detected above Tg. As can be seen, αHN

Figure 3. (a) Temperature-dependent evolution of the X-ray
diffraction patterns for PMMS, in the low scattering vector range.
The inset shows the diffraction patterns in the wide scattering vector
range up to 21 Å−1. (b) Schematic representation of the internal
structure of PMMS via hydrogen bonding (red dashed lines), where a
local ordering of chains occurs with more or less parallel alignment of
individual chain backbones in lamellar domains.
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and βHN of the slow mode (labeled herein as α′) are very close
to the unity indicating its Debye-like nature. On the other
hand, both parameters obtained for the faster (labeled as α)
relaxation are much lower than unity, suggesting that it might
be the segmental process connected to the viscous flow. One
can also mention that Δε of α′ and α remains constant or
slightly increases with the lowering temperature, respectively.
Nevertheless, it should be mentioned that due to the proximity
of both processes, there is quite large uncertainty in the
determination of these parameters. Additionally, one can add
that with further lowering the temperature below Tg, one
secondary relaxation (assigned as γ) appears at high
frequencies (see Figure 4b).
One can recall that usually above Tg one prominent α-

relaxation process, responsible for the cooperative motions of
molecules/segments, can be observed. Although in some
specific molecules/polymers, this universal mobility is
accompanied by the additional relaxation modes reflecting
the motions of larger (sub)units. These extra modes can be
considered as related to the mobility within self-assemblies47,48

(Debye process in low-molecular-weight HO-PDMS-OH17),
motions of polymer backbone such as chain diffusion
(observed in type A polymers14), sub-Rouse modes (found
in PMPS27,28), or local fluctuations of some polar moieties
labeled as secondary processes. Nevertheless, taking into
account that generally in the case of materials with more
than two OH groups per molecule Debye relaxation is barely
detectable in dielectric loss spectra,49,50 it can be supposed that
this kind of mobility may not be observed in PMMS that has
plenty of SH moieties in one chain (Figure 1c). Moreover, it
should be pointed out that the chain dynamics is not
dielectrically active for polysiloxanes (considered as type B
polymers), which excludes the chain diffusion origin.17 One
can also mention that the sub-Rouse modes are rarely observed
by the BDS technique.51 Hence, taking into account the
discussion mentioned above and the puzzling nature of the
additional dielectric relaxation process observed above Tg, we
have performed comprehensive complementary mechanical
measurements.
Master curves of measured storage, G′, and loss, G″,

modulus of examined PMMS are shown in Figure 5. The
presented master curve was constructed from the frequency
dependencies of G′ and G″ measured within the range of 0.1−

100 rad s−1 at various temperatures (Figure S7), which were
shifted horizontally by the shift factor, αT, to superimpose at
the reference temperature, Tref = 180 K.52,53 As observed, two
prominent processes can be detected, the faster (at higher
frequencies) reflecting the segmental motions and an addi-
tional one at lower frequencies (Figure 5). Both modes are
separated by ∼4 orders of magnitude on the time scale. One
can add that a similar situation, with the same difference in
relaxation rates, was also reported for various PDMS
characterized by different chain ends.54 In these polymers,
the faster and the slower processes were assigned to the
segmental motions and Rouse modes (related to the terminal/
chain relaxation), respectively. Therefore, by the analogy, this
interpretation of G′ and G″ spectra of PMMS will be adopted
herein. Moreover, a direct comparison of the dielectric and
rheological data presented in Figures 4 and 5 revealed that the
chain mode does not correspond to any of relaxation processes
detected in loss spectra (Figure 4). Moreover, when we
compare the loss modulus, G″, spectra with the dielectric
modulus, M″, near Tg, one can see that the α-peak recorded in
mechanical measurements has much different shape than the
one detected in dielectric spectra (see Figure S8). Both
findings discussed above indicate that actually both applied
techniques monitor a different kind of mobility. Note that to
set together the results obtained from the mechanical and
dielectric measurements, generally loss G″ and dielectric M″
modulus are compared (see the Experimental Section).
To explore in more detail the molecular dynamics and the

origin of the two dielectric relaxation processes detected in the
examined PMMS above Tg, we determined and analyzed
temperature evolution of their relaxation times, τ (see Figure
6). Note that dielectric τ was estimated from the fitting of
collected spectra in the electric modulus representation to the
two (or three for the spectra measured close to Tg, where the
contribution from the γ-process was significant) HN functions
(see Figures S5 and S6). On the other hand, τα from the
mechanical measurements were calculated by the following
equation: τα = ω−1, where ω is a frequency of the G″(ω)
maximum. In the temperature range where the G″ peaks are
not visible, the time−temperature superposition (TTS) rule
can be applied to determine τα. According to this criterion, G′

Figure 4. Dielectric loss spectra of the examined PMMS recorded
above (a) and below (b) the glass transition temperature. (c) Loss
spectrum measured at T = 193 K; the solid red line represents the fit
consisted of superposition of the two HN functions (black lines). Figure 5. Master curves of measured storage, G′, and loss, G″,

modulus of examined PMMS collected in the temperature range T =
177−203 K and superimposed at Tref = 180 K.
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and G″ spectra collected at various temperature conditions
form the master curve when shifted to the reference
temperature Tref = 180 K (see Figure 6) and τα is taken as
the shift factor (αT). The relaxation time of the slower Rouse
modes, τR, was estimated by the approach proposed by
Patkowski et al.,26 from the crossover of the two straight lines,
representing the dependencies of log(G′) ∼ 2 log(ω) and
log(G″) ∼ log(ω) in the low frequency. Then, using the
relation log(τ(T)) = log(τ(Tref)) + log(αT), we obtained their
temperature dependencies. The obtained value of τα and τR
were added to Figure 6. Additionally, we also performed
temperature-modulated (TM) DSC measurements to deter-
mine values of τα near Tg (see the Experimental Section),
which are also included in Figure 6.
Interestingly, it was found that the relaxation times of the

dielectrically active slower process agree well with the τα(T)
dependence determined from both TM-DSC and rheological
measurements, which might suggest that this process is the
segmental (α) relaxation related to the glass transition
phenomenon. However, this implies that the faster mode is a
secondary relaxation. This interpretation is consistent with the
data reported for different kinds of polymers, including
polymethacrylates. However, as one can recall generally, the
α and secondary β processes merge at high temperatures and
tend to separate upon approaching Tg.

55 Moreover, it should
be highlighted that the secondary processes are characterized
by the Arrhenius-like temperature dependences of relaxation
times.55 These features indicated that the faster process could
not be a secondary process. Considering this discussion and
the shape parameters determined for both modes, we propose
to assign the faster process as the real segmental (α) relaxation
related to the glass transition phenomenon and the slower
dielectric process (labeled as α′) to be connected to sub-Rouse
mobility of larger than segmental (sub)units or the
association−dissociation process of the formed supramolecular
lamellar-like structures as revealed by XRD and FTIR
investigations. Note that the terminal relaxation observed in
the mechanical measurements and dielectric α′ process are
found to differ by 2−3 orders of magnitude in time, which
exclude the chain diffusion origin of this process (see Figure
6).

For a deeper understanding of this problem, we compared
temperature dependencies of the relaxation times obtained for
PMMS with two different PDMS able to form H bonds
(hydroxyl-terminated HO-PDMS-OH) and the van der Waals
polymer (silanol-terminated PDMS). In the case of oligomeric
HO-PDMS-OH (Mn < 1100 g/mol), the dielectric loss spectra
are dominated by the slower (Debye) relaxation connected to
the motions within supramolecular self-assemblies or associa-
tion phenomena. However, the contribution of this process to
the loss spectra decreases with Mn and completely vanishes for
polymers with Mn > 2000 g/mol. Note that data for HO-
PDMS-OH were taken from ref 17. It should also be noted
that both processes observed for HO-PDMS-OH merge when
approaching Tg, similarly as in the case of studied PMMS (see
Figure S9a). Moreover, the time scale separations between α′
(or Debye) and α in both polymers are similar. These
similarities might indicate that the slow mode in the dielectric
loss spectra of PMMS could be related to the mobility within
hydrogen-bonded supramolecular structures. In this context, it
is worthwhile to remind that HN parameters describing the
shape of the α′ mode are very close to one that is characteristic
for a Debye process (α ∼ 0.9 and β ∼ 0.8). Nevertheless, one
can emphasize that the Debye-like process observed in PMMS
has a significantly lower amplitude than that detected in HO-
PDMS-OH. This finding might be connected to different
geometry and a large number of −SH moieties capable of
forming H bonds that hold local molecular ordering via these
specific interactions. PMMS is also characterized by much
higher molecular weight (Mn = 2400 g/mol) than the
mentioned HO-PDMS-OH (Mn < 1100 g/mol), which also
influences differences between both materials. Assuming that
indeed the α′ relaxation is related to the association process
leading to the formation of hydrogen-bonded (ladder-like)
structure, we calculated the activation energy of associations,
Eassoc, from dielectric data. For details, see refs 56 and 57. The
estimated value of Eassoc is equal to Eassoc = 18 kJ/mol.
Interestingly, this energy is comparable to the net interaction
energy E ∼ 10−16 kJ/mol determined for mercaptobenzoic
acids having a thiol moiety.58 The discussion mentioned above
suggests that the recorded additional dielectric relaxation is a
Debye process reflecting the formation of H bonds and
supramolecular structure in PMMS as indicated by comple-
mentary FTIR and XRD investigations. Briefly, one can to
stress that generally for strongly associating systems, apart from
the α-process responsible for the vitrification phenomenon, an
additional slower mode of still unknown origin (generally of
exponential shape) is observed.59 However, it is not the strict
rule since there are many exceptions such as metatoluidine,
water, the phenyl derivative of ibuprofen, and so on.60,61 In our
case, this local ordering might indicate the formation of a
hydrogen-bonded (ladder-like) structure of the length scale
higher than segments. Considering the geometry of the
nanoaggreagates presented in Figure 3b, one can postulate
that net dipole moment in such situation cancels out.
However, it should be mentioned that the ongoing
association−dissociation at τα′ leads to the change in dipole
moments resulting in the rise to the α′-process.56,62
Additionally, we examined the dynamics of native PDMS (of

Mn = 3700 g/mol). Note that the measurements were
performed after careful removal of monomer wastes from the
purchased material, which contains a significant amount of
impurities. Details concerning the purification procedure and
the gel permeation chromatography (GPC) data recorded

Figure 6. Temperature dependences of relaxation times obtained
from dielectric, mechanical, and calorimetric measurements. Red solid
and dashed lines represent the best fits to the VFT and Arrhenius
equations, respectively (see the Experimental Section).
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before and after the performed actions are presented in Figure
S9. Surprisingly, the dielectric loss spectra of purified PDMS
measured above Tg also revealed the presence of the two
relaxation processes (see Figure S10b). One can recall that the
recent papers devoted to the dynamics of various PDMS
derivatives, including PMPS27,28 and PMpTS,63 pointed out
the presence of the dielectric relaxation process characterized
by intermediate time and length scale between chain (Rouse
modes) and segmental relaxations, assigned as sub-Rouse
modes. Hence, by the analogy to these papers, the slower
relaxation can be assigned as the sub-Rouse process, while the
faster process is the segmental one in native PDMS. This
agrees when we compare Tg = 147 K (for τα = 1 s) determined
from the temperature evolution of the relaxation times of the
faster process with that estimated from calorimetry (Tg = 148
K). As shown in Figure S10, the time-scale separation between
sub-Rouse modes and segmental relaxation in the case of
measured PDMS of Mn = 3700 g/mol is quite significant.
Moreover, both processes do not merge upon decreasing
temperature and have a significantly different amplitude with
respect to the ones detected in PMMS (see Figure S10a).
Nevertheless, even considering results of mechanical measure-
ments and similarities and differences between dynamical
behavior of the relaxation processes in PMMS and hydroxyl-
terminated and native PDMS, we are not able to unquestion-
ably state whether α′ is connected to the motions of either sub-
Rouse modes or the association process leading to the
formation of medium-range ordered supramolecular lamella-
like hydrogen-bonded nanodomains. On the other hand, the
faster mode can be assigned as segmental relaxation in
PMMSespecially when we take into account that Tg
(Tg,BDS = 177 K) determined from the dielectric data using
the VFT equation (eq 4) agrees well with the one determined
from the calorimetric measurements (Tg,DSC = 178 K, Figure
1b) and shape parameters of this mode are much different than
unity.
As a final point of our investigations, we have also calculated

the activation energy, Ea, of the γ-process in the glassy state.
For that purpose, we fitted τγ presented in Figure 6 to the
Arrhenius equation (eq 5). The calculated activation energy
reaches Ea = 25 kJ/mol. Such a low value of Ea indicates that
the reorientational motions of the alkyl side group terminated
with the thiol moiety are responsible for that. However, taking
into account that the sum of the activation barrier for the
conformation change of the alkyl chain (E ∼ 14 kJ/mol) and
the energy required to break S−H··S bonds (ES−H··S ∼ 6 kJ/
mol) is comparable to the value of Ea of the γ-process in
PMMS, one can assume that this secondary relaxation process
is in some way indirectly connected to the dynamics of the
hydrogen bonds.
The data reported herein clearly indicated that one has to be

careful in the assignment of the molecular origin of the
relaxation processes detected in dielectric data of the polymers
tending to form supramolecular domains ordered on the
nanoscale. Even a close correspondence between relaxation
times obtained for a given relaxation process estimated from
different techniques does not necessarily mean that they have
the same molecular origin.

■ CONCLUSION
In this paper, we have discussed the results of complementary
structural, mechanical, and dielectric studies performed for
poly(mercaptopropyl)methylsiloxane (PMMS) characterized

by chain backbone of alternate silicon and oxygen atoms
substituted by a polar pendant group terminated with the
thiol/sulfanyl (−SH) moiety. Interestingly, the performed
FTIR and XRD measurements indicated that the examined
PMMS forms weak but relatively efficient directional hydrogen
bonds between neighboring chains, in a direction perpendic-
ular to the chain backbone and, in consequence, supra-
molecular lamellar domains. Surprisingly, the collected
dielectric spectra revealed the presence of the two relaxation
processes at high temperatures, which merge upon cooling.
Considering the outcome of XRD and rheological inves-
tigations, it was found that α′ (the slower process of Debye-
like shape) and α (the faster one) processes detected in loss
spectra are connected with the association−dissociation
process of the locally ordered nanolamellar domains connected
via H bonds and segmental motions, respectively. However, it
should be mentioned that the collected data do not entirely
exclude the sub-Rouse origin of the observed α′-process in
PMMS. Data presented herein can be useful to understand the
peculiar dynamical properties of associating polymers tending
to form mesoscale self-assemblies.
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