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ABSTRACT: The present work focuses on the impact of polymer polarity and hydrogen-bonding
(H-bonding) end groups association strength on the structure and dynamics of poly(alkyl ether)
based supramolecular model polymers studied by means of small angle scattering (SAS), rheology,
broadband dielectric spectroscopy (BDS) and differential scanning calorimetry (DSC). These
consist of poly (propylene oxide) (PPO) or poly (ethylene oxide) (PEO) backbone that self-
assembly in the bulk via hydrogen bonding (H-bonding). Diaminotriazine (DAT) and thymine-1-
acetic acid (THY), as well as 2-ureido-4[ 1 H]-pyrimidinone (UPY) are the H-bonding end groups
of choice. Both PPO and PEO bearing either DAT or THY as end groups associate into linear
chains, but PPO-THY/DAT forms longer chains in comparison with PEO-THY/DAT. The lower
polarity of the backbone results in stronger associations for the same end groups. However, the
temperature dependence of the association/dissociation lifetimes for this H-bonding type is
independent of the different main chain polarity as these breaking times do not exceed the rouse
chain dynamics as expected within the Cates model. PPO-UPY forms a transient network
characterized by the interplay between small transient bonds controlled by the characteristic times
of association/dissociation between pairs of UPY groups involving probably just two ends,

revealed by the similar dielectric spectra with PPO backbone, and a more stable bond type of



associate that forms phase separated UPY clusters. The latter are responsible for the physical
crosslinks in the network and result in the rubbery-like plateau of the rheological spectra. PPO-
UPY has similar structure to PEO-UPY, as validated by small angle scattering, but the UPY
detachment times in the clusters are higher for PEO-UPY than for PPO-UPY, though the activation
energies are very close and match the typical energy barrier specifically imposed by the hydrogen
bonds. Moreover, while the segmental relaxation times and the glass transition temperature (Tg) of
PPO-UPY is similar to PPO, PEO-UPY has the highest T, value and a much slower segmental
relaxation as compared to PEO and PPO based supramolecular polymers. This seems to indicate
that the H-bonding association dynamics of the UPY groups is strongly influenced by the main

chain polarity that play a fundamental role in defining the time scale of the association process.

1. INTRODUCTION

A prominent topic in polymer chemistry over the past years has been the development of new
polymers called supramolecular that possesses dynamic supramolecular bonds instead of
permanent covalent bonds. The character of these dynamic interactions, which can be hydrogen
bonds, metal complexes, or /st stacking, enables fascinating applications such as stimuli-
responsive materials' and self-healing polymers.*® These applications usually involve their
mechanical and viscoelastic properties, which can be tuned by modifying the supramolecular
bonds associating strength and morphology, the polymer architecture and the main chain polarity .
13 Typically, dynamic bonds that are generated in the melt can behave like permanent bonds and
form a network, e.g., at low temperature. Thus, even relatively weak dynamic bonds, like hydrogen

bonds can display significant effects in the melt.'*'7 In this context, knowledge of the dynamic



supramolecular structure and the time scales of formation of the supramolecular organization is
crucial for the understanding of the influence of the main chain polymer polarity and
thermodynamic interactions on the properties of the supramolecular system.

A fundamental study of the role of different H-bonding association strength on the structure and
the dynamics of bifunctional poly(ethylene oxide) (PEO) in the bulk by using
heterocomplementary hydrogen-bonding end groups (THY and DAT) on the one hand,
homocomplementary self-assembly moieties (UPY) on the other hand, has been recently studied
by some of us.!® It is shown that the different H-bonding types have a strong impact on the
morphology and the tendency to phase separate and are of influence both on the segmental and the
H-bonding association dynamics of the supramolecular polymer.”® In fact, the
heterocomplementary H-bonding end-groups (THY and DAT) have also been attached to other
polymers such as bifuctional polyisobutylene (PIB) and poly(n-butyl acrylate) (PnBAs)
polymers.'*1°2° These supramolecular polymers either form a linear, and entangled supramolecular
polymer chains or a phase segregated, cluster network-like system. While these differences seem
to be related with the diverse nature of the backbone chain polarity on the structure and dynamics
of these bifunctional hydrogen bonded supramolecular polymers, a systematic study of the exact
role of the polarity on the formation of supramolecular networks and on the segmental dynamics
and H-bonding association in telechelic polymers is rather limited to date.

Polypropylene oxide (PPO) is a poly(alkyl ether) showing similarity but with lower polarity than
PEO and has been largely studied by different techniques in the last decades.!>?'-?’ It is a so-called
“type A” polymer, feature an electrical dipole moment formed along the backbone chain contour,
so that it is possible to study the segmental relaxation and the normal modes easily via dielectric

spectroscopy.?®?° The segmental motion responsible for the a- relaxation is regarded as local and



should cover only few repeating units, but the so-called normal mode process is highly cooperative
and involves the whole polymer chain.?® While in the past the association of heterocomplementary
bifunctional PPO, bearing also either DAT or THY as end groups, was studied by small-angle
neutron scattering (SANS), the dynamics of such supramolecular polymers has not been addressed
in any detail, in particular the segmental and association dynamics. The same happens for the
homocomplementary bifunctional PPO having at the ends UPY groups.

Therefore, here we aim to understand: i) the influence of two types of H-bonding end groups
with different association strength and ii) the role of the bifunctional defined poly(alkyl ether),
PEO and PPO, backbone main chain polymers that differ on the number of methyl groups and
polarity, and have the same H-bonding groups at the ends on the structural and dynamic
phenomena of these two poly(alkyl ether) based model supramolecular polymers. In this context,
we present a combined study of small angle scattering, linear rheology, broadband dielectric
spectroscopy and differential scanning calorimetry, to unravel the differences on the microscopic
structure, H-bonding association and segmental dynamics and consequently on the underlying
rheological macroscopical mechanisms of bifunctional supramolecular PEO and PPO based
polymers. By comparing polymers with different backbone polarity and H-bonding association
strength, we present a consistent interpretation of the data and discuss the parameters that play a

key role on their different structural and dynamical behavior.

2. EXPERIMENTAL SECTION
2.1 Samples
Bifunctional THY-telechelic PPO (PPO-THY), bifunctional DAT- telechelic PPO (PPO-DAT)

and bifunctional UPY-telechelic PPO (PPO-UPY) are synthesized from dihydroxy PPO (PPO-



OH) according to procedures in the literature.®*-32 The synthetic details of the polymer
functionalisation and the characterization of the products are presented in the Supporting
Information (S.I.). Table 1 repeats, in short, the results. For all polymers, 'H nuclear magnetic
resonance (NMR) is used to determine the number average molar mass (M,) and the
functionalization degree (f) and size exclusion chromatography (SEC) is used to determine the
polydispersity index (PDI). The number of repeating monomer units, N, is for all polymers the
same as for the reference PPO polymer (from which the supramolecular polymers are synthesized),
N = 35, which results from M, = N - M, with M, = 2047 g-mol-!, the molar mass of one PPO
polymer unit and M, = 58 g-mol-', being the molar mass of one PPO monomer.

The equimolar mixture (50:50) of bifunctional PPO-THY and PPO-DAT compounds are
prepared by solution blending in chloroform and dried under high vacuum conditions for two days.
The structure of both THY and DAT hetero-complementary association as well as UPY homo-
complementary association is illustrated in Figure 1.

Table 1. Characteristics of the supramolecular polymers and the reference PPO polymer:
M,, is the molar mass of one polymer unit, PDI is the polydispersity index and f is the

functionalization degree of the supramolecular polymer blocks.

PPO PPO-THY PPO-DAT PPO-UPY
M, (‘H NMR) 2047 2320 2200 2550
PDI (SEC) 1.05 1.06 1.06 n.d.
f('H NMR)* - 99% 99% 95%

*The uncertainty associated to the values is within 1%-2%.
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Figure 1. Hydrogen bonds involved in a) THY/DAT hetero-complementary association and

in b) UPY homo-complementary association end groups.

2.2. Nuclear Magnetic Resonance (NMR)

"H NMR spectroscopy of the studied polymers is performed using a Bruker DPX 300 (300.13
MHz) either in CDCl; or DMSO-d6 at ambient temperature. As an internal standard, the solvent
signal is set to 7.26 ppm or 2.50 ppm, respectively. The chemical shift is assigned in ppm.

2.3. Size Exclusion Chromatography (SEC)

SEC is performed with tetrahydrofuran (THF) as the eluent on a SEC system from hs GmbH,
Germany, with the following components: pump (intelligent pump Al-12, Flow), degasser (Gastorr
AG-32, Flow), autosampler (S5250, Sykam, Eresing, Germany), RI detector (RI2012-A,
Schambeck, Bad Honnef, Germany), UV detector (S3245 UV/Vis-detector, Sykam, Eresing,
Germany) and column system (pre-column with 100 A pore size and three columns of 10,000 A,
1000 A and 100 A, respectively) from MZ Analysentechnik; Germany with MZ-Gel SD plus as
the stationary phase. Polystyrene standards (Polymer Laboratories) in the molar mass range of M,
=925 g'mol! to 1.98 x 10° g'mol"! are used for the calibration of the system.

2.4. Small Angle Scattering



SANS measurements are performed both at the SANS diffractometer KWS2@FRM?2, Munich,
Germany and on the instrument D11 at the Institut Laue-Langevin (ILL) in Grenoble, France. At
the KWS?2 the absolute scattering intensities are measured over a scattering range from Q = 0.0047
A1 to 044 A-' using sample-to-detector distances of 2 m, 4 m, and 8 m and corresponding
collimation lengths and at the D11 a Q range of 0.0020 A-'-0.50 A-! is covered using also three
different configurations with a wavelength of A = 6.0 A (full width at half-maximum (FWHM)
9%), sample-to-detector (SD) distances of 1.4 m, 8 m, and 39 m, and collimations of 10.5 m, 8 m,
and 40 m, respectively. All data are reduced using in-house software, correcting measured
intensities for the transmission, dead-time, detector background (with boron carbide as a neutron
absorber at the sample position), sample background (empty cell), and the absolute scale (obtained
from a tabulated value of a 1.5 mm sheet of plexiglas). Samples were measured at 333 K in 1 mm
thick quartz cuvettes (QX, Hellma). The incoherent background caused mainly by protons in the
sample is determined at a high scattering angle, set as a constant and subtracted from the data.

Small angle X-ray scattering (SAXS) data are measured at the GALAXI diffractometer based in
the institute JCNS-2 at Forschungsszentrum Jiilich.** The X-ray source utilizes a liquid metal jet
target of a GalnSn alloy as the anode to which 70 keV electrons are sent. The resulting X-rays are
monochromatized to allow only Ga K-a radiation with a photon energy E = 9.243 keV to pass to
obtain a wavelength 1 = 1.34 A. Two four-segment slits that are separated by 4 m distance
collimate the beam and confine the size to about (0.7 x 0.7) mm?. A third slit reduces the scattering

from the edges of the second one. A sample-to-detector distance of 80 cm calibrated using Bragg

. . . . o —1 o —1 .
reflections from silver behenate resulting in a Q range of 0.05 A - 0.7 A  is used. Absolute
intensities in (cm™') are obtained by the calibration with a secondary standard, consisting of a

hexafluoro-ethylene-propylene copolymer (Dupont). The measured polymers are sealed in



borosilicate capillaries of 2 mm nominal inner diameter and placed in the vacuum chamber at an
experimental temperature of 333 K. Standard corrections for cell scattering and detector efficiency
is performed.

2.5. Rheology

Rheological measurements are performed using an AR-G2 rheometer (TA Instruments, New
Castle, DE, USA) with a plate-plate geometry (20 mm) in which approx. 0.5 g of sample is used.
The gap between the plates is 1 mm. Strain sweep experiments are performed at a frequency of
1 Hz in the strain regime 0.001 < v < 0.5. Frequency sweep experiments in the range of 0.1 Hz —
100 Hz are carried out in the linear viscoelastic regime. From these measurements, the frequency
dependent storage modulus G', and loss modulus G” for PPO-THY/DAT is determined at 278 K,
298 K, 318 K, 338 K and 358 K and for PPO-UPY at 283 K to 363 K in steps of 10 K. Steady
shear viscosities in the shear rate range 0.01 s! <y < 500 s~! are measured for PPO-THY/DAT at
and for PPO-UPY at the same temperatures as for the strain sweep measurements. The temperature
stability, AT for all measurements is < 0.05 K.

2.6. Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) measurements are performed in standard sealed
aluminum containers using a heat-flux calorimeter DSC-1 (Mettler Toledo) and a DSC Q2000
from TA Instruments Inc. (Tzero DSC technology) operating in the heat flow T4P option.
Measurements were carried out under anhydrous high purity nitrogen at flow rate of 50 mL/min.
All polymers are submitted to two cooling and two heating runs between 193 K and 373 K recorded
at a rate of 10 K.min' The glass transition temperature Ty is determined in the 2" heating cycle as
the temperature of the onset of the heat capacity increment in the transition, using the step-analysis-

tool implemented in the instrument evaluation software.



2.7. Dielectric Relaxation Spectroscopy

To determine the isothermal dielectric behavior, characterized by the complex dielectric
permittivity £*(w) = £'(w) — ie”’ (w) (w, angular frequency; &', real part; ", imaginary part;
i = —1%/2), dielectric relaxation spectroscopy (DRS) measurements are conducted with an Alpha-
A impedance analyzer connected to a Quatro Cryosystem temperature controller (both from
Novocontrol), in a frequency range from 10! Hz — 10° Hz, measured on heating from 153 K to 313
K every 2 degrees. Thermalized in a dry nitrogen flow, the maximum permitted deviation in
temperature is 0.2 K. All samples are measured in a capacitor composed of two gold-plated
electrodes of 20 mm diameter separated by two silica spacers of 49 pm thickness, which yields a
capacitance of ~ 20 pF for the empty cell; further details on this type of cell can be found

elsewhere 343

3. RESULTS AND DISCUSSION

In the following both the structure and dynamics of PPO-THY/DAT and PPO-UPY are studied
and compared by means of small angle scattering and rheology, DRS and DSC, respectively. This
way the influence of the different H-bonding association types on the PPO backbone block is
revealed. Indeed THY/DAT association is of hetero-complementary type, while UPY association
is a homo-complementary one. This study is then followed by a comparison with the structure and
dynamics of supramolecular PEO-THY/DAT and PEO-UPY published recently.'® By comparing
the different polymer backbones blocks functionalized with the same H-bonding end groups and
presenting a consistent interpretation of the data we learn also which parameters, either the main

chain polymer polarity or the polymer segmental dynamics, either the H-bonding association
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dynamics play the key role on the different structural and dynamical behavior of these
supramolecular polymers type.

3.1. Structure

In this section, the analysis of the morphology of supramolecular PPO-THY/DAT and PPO-
UPY in the melt is presented.

The structural parameters of a PPO polymer that consist of the backbone block of our
supramolecular polymers (Table 1), and considering the theoretical definitions for a random walk
model in an ideal Gaussian polymer chain in the melt (equation S11 used in the random phase

approximation (RPA) theory description at point II in the S.I.), are the following 3**!: end-to-end

distance, R, = 35 A, radius of gyration, R, =14 A, the statistical segment length Iy, ~ 6 A, the

Kuhn length b = 8.0 A and the number of Kuhn segments Nig = 19.30404! These parameters are
used to check and confirm the theoretical model approaches employed to describe PPO-THY/DAT
and PPO-UPY scattering experimental data.

Supramolecular PPO-THY/DAT

The structure of the equimolar (50:50) mixture of bifunctional PPO-THY/DAT is investigated
in the melt by SAXS. Figure 2 shows the SAXS results for a fully hydrogenated PPO-THY/DAT
at different temperatures, i.e. intensity I(Q) versus scattering vector Q. The contrast is given by
the electron density difference of the PPO backbone polymer block vs. the H-bonding end groups,
and the scattering data is corrected by the subtraction of the scattering data contribution of the PPO
polymer. The as such corrected intensities indicate a clear correlation hole peak typical for a block
copolymer observed at intermediate Q roughly ~ 0.18 A-1.1340 This corresponds approximately to
a distance of 34.9 A, which is the end-to-end distance R, of a Gaussian chain of our PPO backbone

polymer block (R, = 35 A). The height of the correlation peak decreases with increasing
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temperature and it is given by the number of correlated blocks (N,ssc), the scattering length
densities (p), and the Flory-Huggins parameters (y).>°4? At high Q, the curve shows the same
typical Q-2 behavior of random walk chain statistics, where the identity of the backbone polymer
blocks structure is lost. The Q= behavior is an undeniable characteristic of the polymer
morphology and therefore rules out any more compact, segregated morphologies or structure
factor-related Bragg peak from a characteristic distance between scattering particles. At the lowest
0, a parasitic scattering contribution following a O~ power law is observed, but since it is assigned
to electron deficient voids or dust in the glass-sealed capillaries, no information can be obtained
regarding the morphology and it is not considered here. Therefore, only for stability purposes in
the fitting process, the respective background is modelled by a polynomial function up to Q-

following a procedure suggested by Vonk.*

Figure 2. a) SAXS data for PPO-THY/DAT atT =278 K (red); T =298 K (green); T = 333
K (blue) and T =353 K (orange). The black lines correspond to the fit to the SAXS data
with the modified RPA model. The dashed black lines demonstrate distinct Q power law
dependencies, I(Q) x Q”(P), with P = —2 or -4. b) Zoom to the SAXS data of the

correlation peak region for PPO-THY/DAT at the same temperatures as in a).
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The observation of a block copolymer-like scattering signal on supramolecular polymers
requires the use of random phase approximation (RPA) formalism for multicomponent systems as

has already been shown in literature*-°4? (more details can be also found in the S.I.):

2
1@ _ SaSss — Sas "
Ao (<O 0 0y_o_XAB (c0 ¢O 02
Q" (SAa + S +2548) — 2 NS (S2aS8e + SR8

In this work, we consider the binary system of a multiblock copolymer, as A block being the
PPO backbone polymer chain and B block representing both THY/DAT associating end groups
into a single effective block?. Thereby the system can be modelled as the general multiblock
copolymer as (AB)x copolymer with an association number X of the diblock units, representing
the number of associated building blocks N,ss.. This can be compared to the mass-averaged
polymerization degree (N, )w in polycondensation theory *°. We have thus applied a full two-
component RPA including the Flory-Huggins interaction parameter y,g. With the number of
repeating monomer units denoted as N, for the backbone polymer chain and Ny for the compound
end groups, respectively, specific volumes v,, and vg, the interaction parameters polymer—end
groups yag, the contrast Ap? = (p, — pg)?and the number of associated building blocks N,qc.
The ideal noninteracting structure factors, Ss, Spg, Sag are given in function of the dimensionless
parameter a = (Q?- 1%)/6 such that RZ = aN, where N is the specified “block length™:
equivalent to Ny, = N = 35 (in the case of reference PPO polymer) that is the number of repeating
PPO monomer units of the backbone polymer block) and equivalent to Nz = 3 repeating PPO
monomer units (in the case of THY/DAT block) and reflecting the random-walk statistics of the
building blocks, with [, the effective statistical segment length of the Gaussian subchains resulting
from the approximation including the end groups into the more flexible building blocks. More

details on the RPA model can be found in the Supporting Information and in [29] and [30].
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In this context, the only parameters adjusted during the fit procedure are N, It and yap , as
all other parameters are known and kept constant, such Ny = N = 35, Ny = 3, contrast Ap? =
(pa — pg)? and volumes (these numbers are given in section II and III of the S.I.). The black lines
in Figure 2 display the resulting fits to the SAXS data using the modified RPA model. The
statistical segment length, Iy, determined for all temperatures is in average 7.5 A, larger than for
the unfunctionalized PPO (I, = 6 A) as it absorbs the different rigidities of the blocks.*#5 The
derived xag (Xppo-THY/DAT) iNteraction parameter is relatively insensitive to the temperature with
values of 3.3- 3.9 in agreement to the theoretical estimations (present in section III of the S.I.)*46.
The fit also yields a number of associated blocks, N,ss., Which as expected decreases with
increasing temperature, from N, = 30at T = 353 K and N,4s. = 500 at T = 278 K. However,
the sensitivity of the peak intensity to the degree of association is severely limited, as the position
of the RPA peak becomes virtually independent for (N s )w > 19, therefore the obtained values
cannot be considered as the absolute N,¢...*° Nonetheless, it is clear that the association between
THY and DAT end groups for PPO-THY/DAT at all measured temperatures results in longer
polymer chains with a molar mass well above the entanglement molar mass of PPO-OH, M, ppo ~

2800 g-mol"!, which behave Gaussian-like and show random-walk behavior.

Supramolecular PPO-UPY

The structure of PPO-UPY is studied in the melt by both SAXS and SANS. Figure 3 shows the
obtained data for fully hydrogenated PPO-UPY at T = 333 K. The contrast is given by the electron
density difference or by the scattering length density difference between the H-bonding UPY end
groups and the backbone PPO polymer block, depending on the experiment source, either X-rays
or neutrons, respectively. The PPO-UPY scattering data is corrected for background scattering by

subtraction of the contribution of the PPO backbone polymer scattering data at the same
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temperature. Qualitative observations from the as such corrected small angle scattering pattern
show that on one hand the intermediate Q-range follows a power law, I(Q) «< QF withP ~ — 4
and on the other hand an interaction peak can be spotted toward lower Q values, even though the
scattering pattern is filled with high intensity. Both observations suggest that the morphology of
this system consists of interacting compact structures due to phase segregation. Indeed the strong
association between UPY end groups is largely favored as the estimated rather high value of Flory-
Huggins interaction parameter, yppo_ypy points out (Section III of the S.I:)."*'* Therefore, these
compact structures should be composed by UPY end groups segregated in clusters separated by
the PPO polymer chains, similarly to what is observed in colloidal and micellar systems.*#8
Normally, these phase segregated structures are approximated to hard spherical cluster aggregates
and are thus treated with the Percus—Yevick model .**4°-! The model assumes a suspension of hard
spheres with repulsive interaction. The potential is infinite when two spheres touch each other. In
the lowest Q-range a strong decay of the intensity following approximately a Q3 power law is
also evident; however, no relevant information can be obtained at this Q-range regarding the
morphology. The scattering intensity per unit of volume for spherically symmetric particles as in
the Percus-Yevick hard sphere model is well known and generally is written as:*!-2
1(Q) = ¢pAp*VF(Q,R)?*S(Q, Ra) (2)

where ¢ is the volume fraction of particles, Ap? the contrast factor between PPO backbone
polymer and UPY end group forming the spherical particles and V their volume. P(Q,R.) =
F(Q,R.)? is the form factor and S(Q, Ry) the structure factor due to the contribution of the
interactions between particles. Basically, the scattering intensity of the disordered particles can be
attributed to the form factor of spheres with radius R, (the spherical clusters) and the structure

factor of hard spheres (the Percus-Yevick correlation radius due to the interactions between
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spherical clusters) with a radius of R3. We assume that the spherical particles are polydisperse.
Therefore, the only parameters to be adjusted during the fit procedure are the mean sphere cluster
radius R., the Percus—Yevick correlation radius of clusters R4, the volume fraction of spherical
clusters ¢ and the polydispersity o, as all other parameters of the model are known such as the
contrast factor Ap? and the volume. A detailed description of this viable model can be found in the

Supporting Information and also in refs [36,49,52].
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Figure 3. (a) Small angle scattering data of PPO-UPY at T = 333 K, blue triangles: SANS;
orange triangles: SAXS. The black lines correspond to the fit to the data with the Percus—
Yevick model. The dashed black lines demonstrate the distinct Q power law dependence,

1(Q) x QF,withP = —3orP = —4.

The black lines in Figure 3 correspond to the fit to the data using the Percus—Yevick model. As
displayed in Figure 3, a reasonable adjustment is obtained and, besides a slight difference at low

Q values, both SAXS and SANS data is very similar for both measured temperatures. In fact, the
values from Ry and R, as 2R4 — 2R, = 2 X 43.1A — 2 x 24.7A =369 A and 2 X 44.0A —

2 X 26.5A = 34.9 A for both SAXS and SANS data, respectively at T = 333 K. correspond
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approximately to the end-to-end distance of the PPO polymer (R, = 35 A). Moreover, the volume
fractions in PPO-UPY (¢ = 0.048 and ¢ = 0.023 for both SAXS and SANS, respectively) are
relatively low and roughly agree with the calculated molar fraction of UPY end groups in the
supramolecular polymer (M, ypy/My ppo-upy = 0.06). This is in accordance with the fact that
highly attractive interactions decrease the critical volume concentration that depends sensitively
on changes in the interaction between the aggregates or polydispersity, which here is ranging from
~37% to ~40%, for both SAXS and SANS, respectively. Still, this parameter is difficult to
characterize as it depends greatly on the high Q scattering, whose range is relatively limited,
especially for the SAXS data.® Added to this, the UPY aggregation number, Nypy, defined as the

number of UPY end groups per spherical cluster, is an important parameter to characterize the

4mREpNp

aggregates. From the fit parameter R, Nypy can be calculated as Nypy = =15-18

3Mn,pPO-UPY

for SAXS and SANS respectively, as well as the molar density of elastically active strands v,

given by v, = —3® __13 mol'm? and 1.0 mol'm? for both SAXS and SANS, respectively.!>!”
47TR‘3NA

The density of the supramolecular polymer melt used is pppog_ypy = 1.0 grcm.* Taking into
account the high interaction parameter between UPY groups and PPO backbone (see above) the
results seem to be reasonable. It is demonstrated that PPO-UPY forms disordered spherical cluster
aggregates as shown by the good agreement of the Percus—Yevick model to the data analysis. It is
shown that UPY end groups are segregated in spherical clusters containing several of these groups.

Both structural analyses allow the conclusion that while PPO-THY/DAT associates into long
linear chains, PPO-UPY forms disordered spherical cluster aggregates that are interconnected by
PPO chains. Moreover, the Perkus-Yevick model fit to the data allows estimating the size and the

volume fraction of the UPY spherical clusters and the number of UPY groups in the clusters.
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3.2. Dynamics

The dynamics of both bifunctional supramolecular PPO polymers possessing at the ends both
THY/DAT but also UPY is presented. As the dynamics of PPO backbone block polymer is amply
developed,®>* here only a summary of the dynamic phenomena that are relevant for the
understanding of the key differences between the different supramolecular PPO polymers is
discussed.

3.2.1. Differential Scanning Calorimetry

The glass transition temperature (Ty) for all the studied systems is determined by DSC and the
obtained values are presented in Table 2. The temperatures of the calorimetric glass transition are
204.8 K,216.6 K and 208.2 K, respectively, for PPO, PPO-THY/DAT and PPO-UPY . The specific
heat capacity, AC,, of the calorimetric glass transition, are comparable in all systems, being equal
to 0.64+0.02 J-(g'’K)!, 0.47+0.02 J-(g-'K)'and 0.67+0.02 J-(g'K)' for PPO, PPO-THY/DAT and
PPO-UPY, respectively. The T, for PPO-THY/DAT increases almost 12 degrees in comparison
with PPO backbone polymer block, consistent with the known increase in the glass transition
temperature of linear associating polymers with intermolecular H-bonds 25>, This observation is
in contrast to PPO-UPY, where no significant influence of chain end group association strength

on Ty is found.*
Table 2. Calorimetric glass transition Typsc and the specific heat capacity, ACpfor PPO

polymer, PPO-THY/DAT and PPO-UPY.

Tgpsc [K]*  AC, [J(g'K)']

PPO 204.8 0.64
PPO-THY/DAT 216.6 0.47
PPO-UPY 208.2 0.67
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*The uncertainties of the temperature are around + 0.5 K, standard deviations from the mean
independent determinations.

3.2.1. Rheology

Figure 4 presents the steady-shear viscosity measured as studied by rheology in the temperature
range from 278 K to 358 K, with 20 K as temperature interval for PPO-THY/DAT and from 283
K to 363 K, in 10 K steps for PPO-UPY, respectively. While for PPO-THY/DAT the measured
viscosity is independent of shear rate for all temperatures expected in the Newtonian regime,”’~>
under steady shear, PPO-UPY exhibits a shear thickening behavior at the lowest temperatures, as
shown in Figure 4a and b, respectively. Shear thickening is characterized by an increase in
effective viscosity when the shear rate increases past a certain critical value as evident in Figure
4b for T =283 KandT =293 K. Shear thickening effects are also observed for PEO-UPY'® and
are commonly observed in complex fluids including dense suspensions, wormlike micelles, and
associating polymer solutions.®*%> In fact, shear thickening is not yet well understood in
literature,®%* and thus several theoretical models have been proposed to describe the shear
thickening behavior.®+% Marrucci et al.** explored the possibility of shear thickening as arising
due to a non-Gaussian chain stretching effect. On the basis of the Tanaka and Edward transient
network model, it is argued that under flow conditions polymer chains may elongate considerably,
well into the non-Gaussian regime, as a result of chain stretching. In an extension, the free path
model by Marrucci et al. further assumed that when the chain end dissociates from a network
junction, it can only partially relax its extended conformation since it is soon recaptured by the
network again. As a consequence, the maximum in the viscosity occurs at a critical shear rate when
the ratio of the detachment frequency to the shear rate (which decreases monotonically with
increasing shear rate) has not dropped to its asymptotic lower bound, and yet the polymer chains

are already stretched close to their maximum extension. In the free path model, the critical shear
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rate (shear rate at the maximum viscosity) is then estimated assuming that the elastically active
chains reach full extension at the onset of shear thickening. In the case of PPO-upy, shear
thickening is only observed at the two lowest temperatures, 283 K and 293 K, on contrary to PEO-
UPY, where this effect is observed at the full measured temperature range.'® Above 7 =293 K ,

shear thinning is detected for PPO-UPY, where the viscosity decreases under shear strain.

278K ~ T R .
10°- 1004
) 0
§ 10°4 i 8 10+
= s
10"
[N N 1 g
100 358 K TN }/.max 363 K \
10° 10* 10° 102 10" 10° 10' 0.1 iy.[s.1] 10 100

yis™
Figure 4. Zero-shear viscosity 1 vs shear rates y for a) PPO-THY/DAT (blue- 278 K, dark
green- 298 K, light green- 318 K, orange- 338 K, dark red- 258 K) and b) PPO-UPY (dark
green- 283 K, green- 293 K, blue- 303 K, cyan- 313 K, magenta- 323 K, yellow- 333 K, light
green- 343 K, dark blue- 353 K, purple- 363 K). The black lines show the shear rate at the
maximum viscosity for T = 283 K. The arrows indicate the direction of increasing

temperature.

Figure Sa presents the time-temperature superposition (TTS) master curves of the shear
modulus for PPO polymer and PPO-THY/DAT constructed by horizontal shifting of the shear
modulus loss spectra, i.e., the storage (G”) and loss (G"") moduli at different angular frequencies,

until a best match with the spectra of the respective reference temperature, T..f = 278 K, is
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achieved. Although the underlying assumption of TTS may not be accurate for PPO-THY/DAT,

the master curves can still provide a general picture of the mechanical properties.'?!7->
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Figure 5. (a) Shear modulus master curves (G’ open symbols, G” closed symbols) as
constructed from linear rheology oscillatoric measurements vs frequency v at different
temperatures (blue- 278 K, dark green- 398 K, light green- 318 K, orange- 338 K, dark red-
358 K) by TTS for PPO-THY/DAT and PPO backbone polymer as indicated for T s = 278
K. The black lines represent the fit to the data using equations (5) and (6). The dashed grey
lines indicate characteristic slopes of the shear modulus in the terminal regime;b) the
respective shift factors used to construct plot a). The dashed lines represent the temperature
dependence of the dielectric a-relaxation time for PPO (orange diamonds), PPO-THY/DAT

(red squares), PEO (black crossed circles) and PEO-THY/DAT (stars).

It is evident that for PPO-THY/DAT the slope of G” =1 and the slope G’ = 2, and the viscous
behavior dominates in both systems as seen from Figure 5a. The typical behavior of a Newtonian
fluid is observed as for PPO backbone polymer. In this context, and taking into account the
structural data, it is assumed that the associated chains can be described by the Rouse theory, as

previously demonstrated under similar conditions for PEO-THY/DAT .>* The ratio of the zero-
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shear viscosities of PPO-THY/DAT and PPO polymer decreases from ~490 at 7= 278 K to ~22
at T = 358 K, indicating a systematic de-association with increasing temperature, because
otherwise these values would be constant. We assume that these values reflect the mass-averaged
number of associated building blocks (N,ssc)w, Which clearly, as a consequence of the hydrogen
bond interactions weakening, decreases with temperature. Moreover, in the Rouse regime, using
the zero-shear viscosity, both the segmental relaxation time 74, as well as the expected Rouse time

TR, can be extracted for PPO polymer by the following equations:37-5867.68

.= 12Myyno (3)
S NpNZ2pm2kgT
TR = N21g 4)

where p is the density of the polymer melt, N, the Avogadro number, kg the Boltzmann constant
and M, and N are given above (these results for 74 and TR are shown in Figure 8a below). In order
to extract the terminal relaxation time, 7, and compare it with the calculated Rouse time, a function
composed of a generic peak function'>!"*¢ to account for contributions of the chain dynamics is

adjusted to the master curve data for PPO backbone (see Figure 5a):

: w?t? (5)
G'=Ge—g—
w Ty +1
G”=G L 6
Cw2ti +1 ©)

where w (= 27v) is the angular frequency, G, represent the plateau moduli in the terminal regime
and T, = 1/w; is the characteristic relaxation time of the terminal relaxation. In order to do so, the
common plateau modulus for PPO as in literature® is kept constant and the only free parameter is
7¢. The same fit procedure is done to the master curve data of PPO-THY/DAT using also equations

(5) and (6). Clearly a visible crossover between G’ and G”, corresponding to the terminal relaxation
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time, 7, and the typical features for the shear modulus spectrum of an unentangled polymer as
mentioned above is observed. Particularly, at high frequencies the value of the plateau modulus is
the same as for PPO backbone.® It is to note that this very rough approximation is not valid for
rigorous analysis of the relaxation spectra. Failure of TTS in our case is reflected in the slight
difference in the temperature dependency of the shift parameter at and the dielectric a-relaxation
as it is shown in Figure Sb. However, this approximation is sufficient to estimate the characteristic
relaxation times of the terminal modes (the values are represented in Figure 8a and Figure 9
below). The obtained relaxation times refer to the reference temperature, T,..f = 278 K.

The relaxation time 74 of the PPO-UPY network, is determined using the shear rate at the
maximum Viscosity, Ymax» taken from the analysis of the steady-shear viscosity data in Figure 4b
by: T4 = 1/Vmax (the obtained values are shown in Figure 8c and Figure 10 below) at T = 283
Kand T =293 K . The UPY groups that aggregate as spherical clusters are the chain junctions
and thus act as the network crosslinks. According to this picture, and taking into account the free
path model described above,** 74 is correlated with the detachment relaxation time of the PPO
polymer chains from the network junctions, i.e., from the UPY clusters, assuming that the
elastically active chains detach from the clusters at the onset of shear thickening. Additionally,
from the oscillatory shear measurements (figure S7 in section IV of the S.1.), it is shown that the
storage modulus G’ dominates over the loss modulus G” almost over all the studied frequency
range. The slope of G”' ~ w%®,is lower than 1 (G ~ w), found for Newtonian systems or polymer
melts at flow and typical of network-like systems. The elastic behavior dominates, as G’ is
relatively constant indicating that the plateau modulus ~ 1.6 X 10* Paat T =293 K is lower than

the plateau modulus G~ 7.0 X 10% Paat T = 298 K for PPO backbone polymer.” According to
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simple rubber elasticity theory, the plateau modulus (GY) for a supramolecular network is given
by 63,71:

NpkgT
6 = vk = Ak TP )
Mn,PPO—upy

where v, is the number density of elastically active strands, kg is the Boltzmann constant, 7 is
the absolute temperature, p is the density of the supramolecular polymer melt (1.0 g-cm?), N, is
Avogadro constant, M, ppo—ypy is the supramolecular polymer molar mass (Table 1) and f, is the
fraction of bridging or elastically effective molecules. Considering a perfect network where all
PPO chains adopt a bridging conformation between the UPY clusters and thus all would be
elastically effective, f, = 1 and v, = 392 mol'm~ at T = 298 K. In this case, the estimated plateau
module Gy ~ 9.7 X 10 Pa for PPO polymer is retrieved.’” While simple rubber elasticity theory
overestimates Gy of supramolecular PPO-UPY, the overestimation is not surprising. In fact, a
lower value and an overestimation of the plateau modulus is also found for PEO-UPY and for
systems that also form cluster-like structures due to H-bonding interactions.!8°372 Even though
H-bonding can create crosslinks that built the network, it also introduces defects formed due to
loops existence, lowering G§. Indeed, the possibility of PPO chains to form loops within the same
cluster instead of bridges to different clusters has to be considered and can explain the lower f,
(see further in the text). Besides that, probable contributions from PPO-UPY functionalized at only
one chain end, which stem from incomplete reaction steps during the functionalization of the
polymeric product with subsequent different propensities (see Table 1), inevitably contribute to a
lower fraction of effective elastically molecules between the UPY crosslinks. In this context, the
lower value of Gy found for PPO-UPY can be rationalized to a bridging fraction f, ~ 0.02 atT =

293 K. Definitely the observation of a plateau modulus clearly shows that the liquid-like
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viscoelastic properties of PPO at the studied molar mass have changed into a network-like due to
the presence of the UPY end groups, in accordance with what is observed above by small angle
scattering.

The molar density of elastically active strands calculated using equation (7) at T = 333 K is
Ve = 1.4 mol-m™, which is very comparable with the value obtained by small angle scattering
(Ve = 1.0 mol'm=3- 1.3 mol'm). Undeniably, these values are in very good agreement to the values
calculated using the rheology data for the same temperature.

3.2.3. Dielectric Relaxation Spectroscopy

The derivative spectra of the real part of the dielectric permittivity of PPO, PPO-THY/DAT and
PPO-UPY are presented in Figure 6:

—1t 0¢'(w)

_ 8
2 Jdhnw ®)

gc’lleriv(w) =
This representation can help to unravel relaxation processes, which are obscured by Ohmic
conductivity or adjacent processes in the loss spectra. Hence this representation is used to analyze
the dielectric data because it circumvents conductivity contributions and allows to unravel dipolar
mechanisms that are masked in the typical loss spectra €. While this representation suppresses
totally the contribution of dc conductivity to the dielectric loss €', this is not the case for electrode
polarization (EP)and Maxwell-Wagner-Sillars (MWS) mechanism. Nevertheless, it is still a very
useful approach for handling such phenomena by enabling to unravel genuine relaxation processes,
for example, by observing if the curves of &g,y (@) at the high frequency side fall off with
Eeriv X w2, which is typical for EP effects.’
The derivative spectra of PPO in Figure 6 reveal three relaxation processes:* (i) the dielectric
a-relaxation at high frequency that represents the segmental relaxation, (ii) the normal mode (NM)

at lower frequency that represents the end-to-end relaxation (chain modes) characteristic for type
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A polymers” and iii) at temperatures higher or frequencies lower than the normal mode process
(Figure 6a), a less intense process is observed, which persists active in almost the whole studied
temperature range, even for temperatures higher than o- and NM processes. Concerning the
derivative spectra of the supramolecular polymers, we observe only two processes for PPO-
THY/DAT, while the spectra of PPO-UPY exhibit also three relaxation peaks similar to PPO
polymer (Figure 6¢). The assignment of the observed relaxation processes will be discussed

further in more detail.
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Figure 6. Derivative of the dielectric permittivity spectra for a) PPO, b) PPO-THY/DAT and

¢) PPO-UPY shown for different temperatures as indicated.

The dielectric spectra are normally analysed by fitting a sum of the Havriliak—Negami (HN)
function:3-"3

. _ AEk
€ ((D) =&t Z [1 + (inHN)OlHNk]ﬁHNk (9)

The derivative-based loss spectra €j,.,(w) from equation (8) are analyzed by the analytical

derivative of the HN function®

de'(w) _ agnaunAe(wtyn) N cos[(mayn/2) — Oun(1 + Bun)] (10)
dlnw [1 + 2(wTyy) N cos(mayy/2) + (wTyy)2eHN](+AuN/2)
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With 6yn = arctan[sin (mayy/2)/((wTyy) %N + cos(mayn/2))] and k sums over the
different relaxation processes, w is the angular frequency (w = 2mv), Tyy IS a characteristic
relaxation time that is related to the frequency of maximal loss vy, ,x, A€ is the dielectric relaxation
strength of the process under investigation and &, is the high frequency limit of the real part £’ (w);
ayn and Pyy are fractional shape parameters (0 <ayy < 1 and O < ayy * fyn < 1) describing the
symmetric and asymmetric broadening of the dielectric spectrum.

From the estimated values of Ty, @yn, and Byn, @ model- independent relaxation time Ty, 4y

(V = Vimax = 1 /(21T ,y)) is calculated according to ref. [73]:

% [Sm (ﬂ)]_l/a”” [Sin (M)]WHN (11)
max — “HN 2 + 2Bun 2 + 2Bun

The characteristic relaxation frequency resulting from the fits to the data of both &, and loss
spectra € representations for all the visible dielectric processes of PPO are equivalent, confirming
the accuracy of the fits and the extracted parameters can thus be considered as comparable (section
V of the S.I.). Figure 7 gives three representative examples of the used fitting procedure for all
studied systems at the same temperature for a better comparison. The so-obtained parameters,
spectral shape and dielectric strength, as well as the relaxation time for each process are discussed

in the following in detail.
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Figure 7. Derivative of the dielectric permittivity spectra of (a) PPO, (b) PPO-THY/DAT and

(c) PPO-UPY, at T = 253 K. The black solid lines are the overall fit to combinations of HN
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functions. The blue solid, dashed and dash-dotted lines indicate the individual contributions

of different relaxation processes.

Spectral Shape

It is well established that the derivative analysis yielding &g, () alters the spectral shapes by
a slight peak sharpening in comparison to the dielectric loss spectra peaks.*> However, the fit with
the respective equations to the different representations revealed a not so different values of the
shape parameters (Table S4, S5 and S8 in section V of the S.I.). In this context, hereby a short
analysis.

The shape of the segmental relaxation for all studied systems has a relatively weak temperature
dependence, ayy o =0.77;, gy o * Bun o= 047, adyy o =0.50; ayy o * Pun a=044, ayy o =045;
Ayn o * Puna= 045 for PPO, PPO-THY/DAT and PPO-UPY, respectively. However, for the
supramolecular polymers an increase in broadness is observed that seems to increase with
increasing Flory-Huggins parameter, from THY/DAT to UPY. The broadening of the segmental
relaxation can be interpreted as an increase in heterogeneity, related with changes in intra- and
inter-molecular interactions in the cooperative conformational movements that originate this
relaxation process. The a*-process that shows up in the low frequency flank is characterized by a
Debye-like behavior for PPO-UPY (ayy o+ = 1; fun o+ = 1) and PPO (ayy o+ = 0.97; Byn o = 1),
while the peak of the a*-process for PPO-THY/DAT is broad (ayy o+~ 0.48 and asymmetric
(ayn o " Punoa* = 0.22). In fact, a Debye-type process is observed in a variety of associating
liquids, related to hydrogen bonding dynamics. In the case of PPO-THY/DAT, increase in
broadness can also indicate heterogeneity as here there are two different H-bonding components

playing a role on the association dynamics. Concerning the normal mode relaxation peak for PPO
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is relatively narrow, and the asymmetry decreases with temperature, (ayy yy = 0.94£0.04; Byy nm
=10 - 0.6, as expected.?*?’ Finally, for PPO-upy the peak observed at frequencies lower than the

a*-process has a purely Debye character.

Dielectric Strength

The starting point for the analysis of Ae is the extension of the Debye theory by Onsager,

Frohlich, and Kirkwood (see [73,74] and references therein).

Ae = —gF —— (12)

&o 1s the vacuum permittivity, u, the dipole moment of the moving unit in vacuum, F = 1 is the
Onsager factor calculated in the frame of the reaction field, T the temperature, kp the Boltzmann
constant, N/V the number density of dipoles, N, is Avogadro's number and g is the
Kirkwood/Frohlich correlation factor to take into account short-range intermolecular interactions
that lead to specific static dipole—dipole orientations. In the particular case of a monodisperse type
A polymer, the dielectric strength of the a-relaxation is escribed as’?7>-"7

4mji? 1 XNpp
Ae, = F 13
Ca =TT I T M, (13)

here W is the dipole moment of the repeat unit, X is the degree of polymerization (XNao/M, is
the number density of repeat units), M, is the polymer molar mass and g is the density. The Ag,
values decrease with increasing temperature for all studied polymers and the absolute values
decrease from PEO to PEO-THY/DAT and PEO-UPY, a ~3.69 (213 K) = 3.08 (243 K), a ~2.11
(233 K) —» 1.19 (263 K), a ~ —» 1.35 (213 K) — 0.76 (253 K), respectively. Since the dipole
moment of the repeat unit is the same, the observed decrease of Ag, with T seems to be due to

enhanced correlations among the dipoles, while the decrease of the absolute Ag, values with
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functionalization and the Flory-Huggins parameter appears to be due the increase of the polymer

molar mass as a consequence of association and network formation.

4mjis 1 Npp
R 14
3 I kT M, © (14

Aeny =

Concerning the dielectric strength of the normal mode, Aeyy,”*"""® described in (14) where u7,
is the dipolar moment per unit length of the repeat unit parallel to the backbone and R, is the
mean-square end-to-end distance of the chain. Like for the segmental relaxation, the Agyy values
for PPO increase in intensity with decreasing temperature, this can be also attributed to the increase
correlations among the dipole but it can also be due primarily to an increase of R, with decrease
T, as a result of H-bonding association.

Finally, regarding a*-process, the A values, which is proportional to the amount of participating
dipoles, are fairly temperature independent for PPO (Ae = 0.05 + 0.01) and PPO-UPY (Ae = 5.89
+0.79), but decreases with 7 for PPO-THY/DAT (Ae ~9.31 (263 K) = 5.77 (313 K), which seems
to point out that the number of contributing dipoles to this relaxation increases from PPO, to PPO-

UPY and PPO-THY/DAT, inverse to the Flory-Huggins interaction parameters. This appears to

agree to the structural picture describe above.

Relaxation map

Figure 8 shows the temperature dependence of the characteristic relaxation frequency v
(v =Vpax =1/ (ZﬂTmaX)) for all relaxation processes analyzed. The temperature dependence of
the mean relaxation times for the a-relaxation (the faster process in the studied temperatures), is
curved when plotted versus 1000/T. Close to T,, this dependency is often described by the

empirical Vogel-Fulcher-Tammann-Hesse (VFTH) equation:

30



Tma(T) = Toexp (= ]_BTO) (15)

where 7, and B are fitting parameters and T, is the so-called Vogel temperature found to be 50 to

70 K below T,. From these parameters, also the fragility index m can be calculated:

Bngiel (16)
m = : 5
In 10 (TJe' — T,)

which indicates the steepness of the temperature dependence of the relaxation time at Ty and is
considered to reflect the frustration in molecular packing (Table 3).!2.1756

The dielectric glass transition temperature values determined by extrapolating the Vogel-
Fulcher-Tammann-Hess (VFTH) equation (equation (15) fit to the dielectric data Tg'®! (t = 100
s) are 19949 K, 213+15 K and 209+12 K, respectively, for PPO, PPO-THY/DAT and PPO-UPY,
being in close agreement with the calorimetric Tgpsc (see Table 2 above). The dielectric glass

transition temperature of PPO, 204.8 K, is also in perfect agreement with 205.2 K of ref. [46].
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Figure 8. Temperature dependence of the characteristic relaxation frequencies for a) PPO
polymer (orange diamonds), including the segmental relaxation time and Rouse time
calculated with PPO zero shear viscosities using the Rouse equation (crossed diamonds) as
well as the terminal time for PPO (full symbols). The characteristic frequency times of -

relaxation and normal mode from similar molar mass PPO polymer taken from literature®*’
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is also presented (orange times symbols). The Rouse time and segmental relaxation time for
PEO is taken from ref. [18] (black open circles) and the calculated terminal time for PEO
(full black circle) are also included (Figure S8 in section IV in the S.I.), b) PPO-THY/DAT
(red squares) in comparison with PPO polymer (gray). It includes also the terminal time for
PPO-THY/DAT (full symbols), ¢c) PPO-UPY (blue triangles) in comparison with PPO
polymer (gray symbols). The shear rate frequency at the maximum viscosity, vp = 1/(2ntp)

for PPO-UPY (full faced down triangles) is also included.

This helps to identify the segmental relaxation among several other processes observed in the DRS
spectra. The assignment of the a-relaxation to the segmental relaxation is corroborated by the fact that
Tgel values obtained by equation (15) to a timescale of about 100 s coincides with the glass transition
temperature Tgpsc obtained from calorimetric measurements (see Figure 9), to note that the Vogel
temperature (T, o) for all the polymers is very alike, i.e., the viscosity and the structural relaxation time
extrapolate to infinity at the similar temperature. The a-relaxation for all three polymers seems to have
a similar origin, which is expected since this process is related to the local mobility covering only few
repeating monomer units.

Table 3. Fitting parameters for the temperature dependence of the different relaxation times

found for PPO polymer, PPO-THY/DAT and PPO-UPY.

Relaxation System log (7,) [s] B [K] T, [K] m
PPO -15.3+04 340+33 171.5£2.5 88+32
PPO-
o THY/DAT -182+1.6  518+145 172.2+8 4 66+6

PPO-UPY -14.1+0.5 331+32 176.3+2.0 64+18

NM PPO -12.0£1.8 292485 170.6+£6.8 61+19
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PPO -114+£6.6  570+£238 15544249  32+13

. PPO-
a THYDAT -141%13 423118 1763296  23:5

PPO-UPY -162+7.0 1283+443 129.6+27.8 316

Moreover, in supramolecular polymers with H-bonding end groups, typically an additional
relaxation process can be found that is not the normal mode process.!>!7-°¢8081 Mobility associated
with the normal mode directly reflects the motion of the end-to-end chain and only affects
polymers with a dipole parallel to the chain contour, “type-A” polymers, like PPO. In the case of
the associating chains functionalized at both ends, it should not be observed. The reason is that for
the normal mode to appear in the dielectric spectra, each repeating unit must have a component of
its dipole moment that is parallel to the main chain, and additionally this component must be
directed towards the same end of the chain in all repeating units. Only if the chemical structure of
the polymer satisfies these conditions, the dipole moments can add up along the contour of the
chain and give rise to an end-to-end dipole. In associating polymers, however, there is no
mechanism that directs the end-to-end dipoles of the contributing chains towards the same end of
the chains. Consequently, these end-to-end dipoles have random orientations towards both ends of
the associating chains. Thus, on average the dipole moments along these chains cancel out.'?°68
The relaxation process, which is found a few decades slower than the a-relaxation and exhibits a
similar temperature dependence as it can be clearly observed in Figure 8b and ¢ for PPO-
THY/DAT and PPO UPY, is ascribed to the dissociation process of hydrogen bonds; this leads to
a change of dipole moment due to the change in the distance between the partial charges of the
hydrogen bond donor and acceptor atoms.'?!75%8! Hence it is called a*-relaxation. For PPO, besides
the segmental and chain relaxation processes, i.e., o and normal mode relaxations, in order of

decreasing frequencies, the a*-process is revealed at even lower frequencies, but only in the
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derivative representation. This is because this representation eliminates the conductivity effects
that tend to mask dipolar contributions, specially at high temperatures. This slower process, named
a*-process is described by a Debye-like relaxation function, i.e., the shape parameters used in the
analytical derivative of the HN function® to fit the data are close to 1, and the temperature
dependence of relaxation time follows the VFTH behavior. These are all features of the so-called
Debye process traditionally found in monohydroxy alcohols, related to the hydrogen-bond
dynamics.®? Added to this, recently, it has been established that this slow process is related to the
formation of hydrogen-bonded polymer-like structures in supramolecular polymers, such as
hydroxy terminated PDMS'75¢ and acid terminated PPO!?>7°, Particularly in this work, where we
deal with dihydroxy terminated PPO, hydrogen bonds within the OH groups at the chain ends are
possible and thus the assignment of this process as a*-relaxation.

Figure 8 shows that the temperature dependence of the relaxation times for the a*-relaxation for
PPO, PPO-THY/DAT and PPO-UPY is also curved when plotted versus 1000/7’, thus a fit to the
data using the VFTH equation (equation (15) is also appropriate. Interestingly, the Vogel
temperatures of both the a*-relaxation and a-relaxation for PPO-THY/DAT, are very comparable,
therefore for PPO-THY/DAT some correlation seems to exist between both relaxation processes.
Assuming that the o*-relaxation is connected with the dissociation process of hydrogen bonds, the
similarity of its temperature dependence with that of the main o -relaxation is an indication that
the dynamics of the former is governed by the dynamics of the a —relaxation. In the case of both
PPO-UPY and PPO, T 4+ is different from T, ,, of the respective main relaxation, which leads to
the conclusion that in this case the dynamics is not governed by the a —relaxation as for PPO-

THY/DAT. Indeed the dynamics and temperature dependence of the a*-relaxation coincides in
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both PPO-UPY and PPO as supported by the dielectric spectra present in Figure 8c. Thus for both
systems the assignment of this process is the same.

Moreover, concerning the assignment of the a*-relaxation for PPO-THY/DAT, the construction
of the master curves from the shear modulus spectra using TTS (Figure 5) has proven to be a
valuable tool."”*¢ Of particular interest are the characteristic times of the rheological processes
(such as the terminal relaxation) as well as the respective plateau modulus. In Figure 8b it is shown
the good agreement between the relaxation time of these slow dielectric process and of the terminal
relaxation time at the reference temperature for PPO-THY/DAT (see Figure 5). In fact, according
to Cates model .??> when the lifetime of the association is much shorter than the characteristic time
for the chain dynamics, the plateau modulus of the associated polymer should be similar to that of
the conventional covalently-bonded polymer of the same backbone and the terminal relaxation
should be dominated by a single Maxwell relaxation. This is visible in Figure 5b and put in

evidence in Figure 8b. Scheme 1a is representing the molecular view as predicted by the model.
)
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Scheme 1- Schematic illustration of: a) the relaxation mechanisms as presented in Cates

model: the polymer segment relaxes over the break which occurs within a certain distance
along the chemical sequence; the break must be close enough that the newly released end can

move through the polymer segment before it recombines with a neighboring chain. b) the
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association structure of PPO-UPY with small transient bonds, presumably dimers, and

larger effectively permanent bonds, denoted here as clusters.

Besides the a* —relaxation, the dielectric spectra of PPO-UPY reveal a third peak at elevated
temperatures (Figure 6¢ and Figure 7c¢). This process is analysed with equation (10) to extract its
characteristic frequencies, which exhibits in the studied temperature range a linear dependence
when plotted versus 1000/T in Figure 8c. Accordingly, the Arrhenius equation is used to fit the
data:3+7

T =1e /Rr (17)
where 7, is the relaxation time at infinite temperature that for the case of a molecule is related
to the time needed to move into some free space, **3 R is the ideal gas constant and E, is the
activation energy. The values of the activation energy are present in Table 4 and will be discussed
in the next section.

Interestingly, this slowest process characteristic times are very close to the relaxation times of
the PPO-UPY network 74, determined using the shear rate at the maximum viscosity (Figure 4),
which basically indicates the detachment relaxation time of the PPO chains from the network
junctions, i.e., from the UPY clusters,!3%7! as shown in Figure 8c. However, looking to Figure
6¢ and Figure 7c, the dielectric strength, A¢ is in the order of 103 (see table S8 in section V of the
S.I.), higher than the values found for typical dipolar relaxations but rather typical of electrode
polarization or Maxwell-Wagner-Sillars mechanism.* Moreover, in Figure 6c¢, the lowest
frequency peak shows a power law as £J,, X @2, which can be typical for EP effects.

This mechanism is explained by the accumulation of charge carriers in the electric field at the

interface of two phases with large differences in conductivity and permittivity. The hopping
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relaxation time of these charge carriers at the interface can give rise to an additional relaxation
process. Therefore, this is normally found in inhomogeneous media and it suggests phase
separation in the material itself. As it is known, the structure of PPO-UPY is network —like with
UPY clusters acting as crosslinks, which can then work as possible polarisable boundaries.
Consequently, the coincidence between i) this slowest process in the dielectric data of PPO-UPY
and ii) with the detachment relaxation time of the PPO-UPY chains taken from rheology does not
seem surprising.®’ In fact, the Arrhenius activation energy of this process is 39 kJ-mol-1 (Table 4
below), which matches with reported values for the network detachment relaxation time for PEG-
UPY"® (45 kJ-mol1) and it is also comparable with the activation energy of the detachment
relaxation time of the PPO-UPY (~55 Kk]J-mol! in Table 4 below). Still, to draw decisive
suppositions here is difficult given not only the complexity of the data and but also the rather
limited data set.

Scheme 1b presents a possible illustration of the association structure of PPO-UPY with small
transient bonds, presumably dimers, as the origin for the a*-relaxation and larger effectively
bonds, denoted here as clusters, responsible for the network-like behaviour shown in Figure 4b
(and possibly creating an interface partially blocking charges between the PPO and UPY-rich
domains and involving the dissociation dynamics of UPY groups within these clusters).

Finally, regarding the fragility index of the a-relaxation in both PPO-THY/DAT and PPO-UPY
takes values on average of around 65 lower than the typical high value (around 90) for the
unfunctionalized PPO chains.?*?” According to the generalized entropy theory,!”-6843¢ the fragility
is considered to reflect the frustration in molecular packing.”” Apparently, the chain end
associations reduce the packing frustration of PPO segments. This is even more evident for the

fragility values of the a*-relaxation, which for all systems has much lower values of around 20-
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30. Such low values are characteristic of H-bonding systems,!”> which is consistent with our
assignment to a structural relaxation of a phase consisting of (hydrogen bond rich) chain ends.

3.3. Comparison

The understanding of the main chain polarity role is essential for a fundamental view on the
underlying mechanisms triggering the different properties of supramolecular poly(alkyl ether)
polymers. Therefore, a discussion of the key differences between the structure and dynamics of
the respective PPO and PEO supramolecular polymers possessing at the ends the same H- bonding
types is presented next.

3.3.1. Structure

SAS results have shown that both PPO-THY/DAT and PEO-THY/DAT associate into linear
structures, proofed qualitatively by the Q=2 dependence at high Q and by the accurate description
of the data by the RPA model,'3?3° while both backbone polymers carrying UPY at the ends
presents a more compact phase segregated structure, consisting of a suspension of hard spheres
with repulsive interaction, visible by the Q™% dependence at intermediate Q range and
quantitatively by the good fit with Percus- Yevick model to the SANS data. These observations
are well evidenced in Figure 2 and Figure 3, respectively.

However, though both PPO-THY/DAT and PEO-THY/DAT create a linear associating polymer,
the number of associated building blocks (N,gg)y, is higher for PPO-THY/DAT at the same
temperature, (Nygg)y = 19 at T = 338 K in comparison with (Nyge)y = 15 at T = 333 K* for
PEO-THY/DAT. Indeed the higher hydrophobicity of the PPO-chains that are less polar than PEO-
chains facilitates the association.

Concerning the UPY systems, the phase segregation in spherical clusters is less marked for the

PPO-UPY case, just by considering the polydispersity parameter taken from the fit with the
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Perkus-Yevick approach. It changes from around 11% in the PEO-UPY to ~40% for PPO-UPY .!8
In fact, the structure of PPO-UPY, as represented in Scheme 1b, seems to follow much closer the
concept of a dual network than in the PEO case.'® More, the rheology results revealed, on the one
hand, the clear network-like behavior, but on the other hand a combination of shear-thinning and
shear-thickening, instead of only shear-thickening as in the case of PEO-UPY in the full studied
temperature range.'®* For PPO-UPY, shear thickening is observed but only at the two lowest studied
temperatures as observed in Figure 4b. Both shear thickening and shear thinning effects are
typically observed in systems that reveal phase separation, tough the latter is more typically
observed on polymer melts and on systems where polymers play a bigger role.”*% In this context,
for PPO-UPY samples, the structure seems to be mostly defined by the PPO characteristic
relaxation times as also perceived in Figure 8c by the similar dielectric spectra in comparison with
PPO. Remarkably, in the case of PPO-UPY, two very different types of bonds, i.e. small associates
and clusters, are formed by the same species of end group establishing the dual network behavior:
(i) some type of transient bond which releases stress by a transient network mechanism controlled
by the characteristic times of association/dissociation between pairs of end groups involving most
probably just two chain ends as in PPO and (ii) some much more stable type of bond or associate
that forms the UPY clusters, which requires elevated temperatures to be dissociated. Naturally,
surrounding these groups, many PPO chains as loops are observed (based also on the lower than
expected plateau modulus from rheology) and the distance between the disordered UPY spheres
is defined by the PPO end-to-end distance. This picture is based on the parameters from the
Percus—Yevick approximation fit to the small scattering data for PPO-UPY that match very well
with the structural characteristics of PPO polymer.

3.3.2. Dynamics
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Figure 9a presents the temperature dependence of the segmental relaxation frequency for both
PPO polymer and PPO-THY/DAT and the Rouse time for PPO polymer. The segmental relaxation
time for both PEO polymer and PEO-THY/DAT and the Rouse time for PEO polymer are also
presented in comparison.'® Moreover, in Figure 9b the temperature dependence of the segmental
relaxation frequency for PPO-UPY in comparison with PEO-UPY and with PPO and PEO polymer

backbones, respectively is represented t0o.'8

10+ THY/DAT a 104 UPY b
8 8-
i 6 i 6 -
~ 4 N 4
S S
- 24 = 2]
0+ 0-
“21:=100s DSC ) 21c=100s  DSC
3 4 5 3 4. 5
1000/T [K™] 1000/T [K]

Figure 9. - Temperature dependence of the characteristic segmental relaxation frequencies
for a) PPO (orange diamonds) and PPO-THY/DAT (red squares) in comparison with PEO
(open black circles) and PEO-THY/DAT (black stars), b) PPO-UPY (blue triangles) and
PEO-UPY (full black circles) network longest relaxation time, 7. in comparison with PPO
(orange diamonds) and PEQO (open black circles) segmental relaxation times. The symbols at
the horizontal line indication t= 100 s are the corresponding calorimetric glass transition for
the different systems at the same colors as the dielectric and rheological data. The lines are
the fits to the data using the VFT equation. The colour of the lines is the same as the symbols.

The respective fit parameters are present in Table 3.

It is observed that both the segmental relaxation time and the glass transition is influenced by

the H- bonding groups. Indeed, the segmental relaxation time slows down due to association.
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However, this influence differs with the poly(alkyl ether) chain polarity that the end groups are
attached. For supramolecular PPO-UPY, the segmental relaxation is less influenced by the
hydrogen-bonding association strength and the Flory-Huggins interaction parameter, than for
PEO-UPY. The glass transition for PEO-UPY has the highest value either in comparison with
PEO-THY/DAT, either in comparison with the supramolecular PPO polymers.

Figure 10 show the temperature dependence of the a*-relaxation frequency for both PPO-
THY/DAT and PPO-UPY and for PPO backbone polymer too. The temperature dependence of
MWS frequency for PPO-UPY is also represented. The temperature dependence of the literature
values for the bond breaking frequencies (v, = 1/(2mty)), of a similar PEO-THY/DAT obtained
by neutron spin-echo spectroscopy (NSE) is included,*“® as well as the PPO-UPY and PEO-UPY
network detachment relaxation frequencies, vq ppo—upy (Vappo-upy = 1/(2TTqppo-upy)). and
Vapeo-upy (Vappo-upy = 1/(2mTqppo-upy)). respectively. The values of 7, represent the
characteristic time scale of hydrogen bond breaking in the PEO supramolecular compounds.*
Clearly, the temperature dependence of 7}, is on the one hand compatible with the terminal time
estimated at T,s = 333 K by the fit to the PEO-THY/DAT master curve with equation (6) and on
the other hand with the values of the a*-relaxation of PPO-THY/DAT. The latter reflect the
lifetime of the association/dissociation process of the hydrogen bonds established between
THY/DAT groups attached to the PPO chain, i.e. a chemical relaxation that will generate a
dielectric response by changing the combined dipole moments. Interestingly, it seems that the
temperature dependence of the characteristic time scale of hydrogen bond association/dissociation
is independent of the poly(alkyl ether) chain polarity that is attached, i.e., PPO and PEO, when the
molecular mass of the backbone is lower than M,. We assume that this is due to the fact that the

lifetime of the association is shorter than the characteristic time for the chain dynamics, and the
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plateau modulus of the “living” polymer is thus similar to that of the conventional covalently-

bonded polymer of the same backbone.?’

logv [HZ]

1000/T [K]

Figure 10. Temperature dependence of the characteristic relaxation frequencies of the
hydrogen bonding dynamics for PPO (orange diamonds), PPO-THY/DAT (red squares),
PPO-UPY (open blue triangles) in comparison with PEQ-THY/DAT (open black circles)
bonding frequencies studied by neutron spin eco spectroscopy (NSE)** and PEO-UPY
network detachment relaxation frequency, vqpgo—upy = 1/(2T74pgo-upy)). (open black
face down triangles). The full black circle is the terminal frequency for PEO-THY/DAT
obtained by rheology at 7,.; = 333 K (figure S8 in section IV of the S.1.). The lines are the fits
to the data using the VFTH equation, except the data for MWS for PPO-UPY and vq pgo_upy
where the Arrhenius equation was used. The colours of the lines are the same as the symbols.

The respective fit parameters are present in Table 3 and Table 4.

The network detachment relaxation time for PPO-UPY (74 ppo-uypy) resulting from the viscosity

data is much faster than the corresponding network detachment relaxation time obtained in similar
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conditions for PEO-UPY (74 pgo-upy) Viscosity data.'® Table 4 presents the fit parameters from
the Arrhenius equation fit to the MWS, 74 ppo—ypy and T4 pgo-ypy- The relaxation time at infinite
temperature, 7, for PEO-UPY is higher than for PPO-UPY as observed in Figure 10. This also
illustrates the minor impact of the activation energy of the UPY end group association in the
dynamics, which is relatively similar in both PEO and PPO and thus cannot be taken as a reason
for the large difference in the times for these process between both poly(alkyl ether)
supramolecular chains. In fact, this seems to be in accordance to the typical energy barrier
specifically imposed by the hydrogen bonds (10-65 k] - mol™1!) found in literature 5* This fact
suggests the good assignment of the relaxation times. A higher value of the activation would seem
to indicate that not only the H-bonding groups dynamics would be involved but also the chain
dynamics.

Table 4. Fitting parameters of the temperature dependence of the network detachment

relaxation time, 74 for both PPO-UPY and PEO-UPY, as well of the MWS for PPO-UPY >*

E, [kJ-mol] To [ns]
MWS PPO-UPY 3943 (3.5£2) x 10!
PPO-UPY ~55 ~6.4x 10!
d PEO-UPY 43+4 (2.1£1) x 10*

4. CONCLUSION

In this work we studied melts of supramolecular PPO polymers with different H- bonding end
groups (THY/DAT and UPY) by means of scattering, rheology, dielectric spectroscopy and

calorimetry; the PPO backbone polymer chains are shorter than the entanglement length. Both
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structure and dynamics are compared with work published recently'® for identically short
supramolecular PEO polymer chains functionalized with the same H-bonding end groups.

Relatively to the structure, PPO-THY/DAT associates in linear chains as judged by small angle
scattering analysis. However, PPO-THY/DAT forms longer chains than PEO-THY/DAT,
revealing the influence of the backbone main chain polarity on this H-bonding end groups
association. Moreover, PPO-UPY as PEO-UPY, presents spherical-like phase segregated cluster
morphology, but for PPO-UPY, two very different types of bonds are formed by the same species
of end groups establishing a dual network behavior: (i) a part of transient bonds releases stress by
a transient network mechanism controlled by the characteristic times of association/dissociation
between pairs of end groups involving most probably just two chain ends. This part is perceived
by the similar dielectric spectra in comparison with PPO and (ii) some much more stable type of
bond or associate that forms the UPY clusters, which requires elevated temperatures to be
dissociated as judged by mechanical analysis.

Concerning the dynamics, the combination of the experimental methods allows to distinguish
between both the segmental and chain dynamics as well as the lifetimes of the H-bonding groups
in the associated chains and network for the different supramolecular poly(alkyl ether) chains.
Particularly, the temperature dependence of the association/dissociation lifetimes for both PPO
and PEO possessing THY/DAT H-bonding groups at the ends, emerge as independent of the
poly(alkyl ether) main chain polarity. This is not the case for the UPY end groups. The network
detachment times are higher and the segmental dynamics is much slower for PEO-UPY than for
PPO-UPY. This points to the fact that the temperature dependence of the association/dissociation

times of UPY groups in the clusters are dependent on the polarity of the poly(alkyl ether) chain,
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that seem to play a fundamental role in defining the time scale of the dissociation process for these

supramolecular polymers.
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