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Abstract

Associating polymer is a special kind of polymer possessing transient reversible bonds in
addition to the conventional covalent bonds. The reversible bonds provide unique dynamics and
fascinating viscoelastic properties, resulting in attractive applications for these polymers, such as
self-healing and shape memory materials. Despite many years of studies, the understanding of
dynamics of polymers with reversible bonds, especially on molecular level, is still in the
rudimentary stage, preventing the rational design of the potential novel functional materials

based on associating polymers.

In this dissertation, we provide a detailed and quantitative understanding of the dynamics and
viscoelastic properties of associating polymers. The functional groups form both binary

association and microphase separation.

For the associating polymer with binary association, the bond lifetime renormalization model
was experimentally tested on telechelic associating polymers with PDMS and PPG backbone,
different chain length and different H-bonding functional groups, unravelling the mechanism of

how bond dissociation results in the network rearrangement in such system.

For associating polymers forming microphase separation, the microphase separated structure was
characterized through X-ray scattering. In addition, a layer of polymer segments with restricted
mobility was found at the interface of the microphase separated clusters and the polymer matrix
through the dielectric measurements. The layer plays a critical role in mechanical reinforcement
of the associating polymers with microphase separation. In addition, we unraveled the

mechanism of how network rearrangement happens in associating polymers. Finally, a general

\Y



molecular picture of stress relaxation mechanism in such associating polymer system was

proposed.

The microscopic understanding of the dynamics and viscoelastic behavior of associating
polymers is instructive for rational design of novel functional polymeric materials, i.e, how to
control viscoelasticity by tuning the structure and position of the functional groups in such
materials. In addition, the research can be essential for the understanding of the dynamics of
general soft matter, and even biological materials in which dynamic bonds play an important

role.
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Introduction

Associating polymer is a special kind of polymer with both covalent bonds and transient
reversible bonds. This kind of polymer have been studied due to their potential applications in
the fields of self-healing materials and shape memory materials. However, the microscopic
understanding of the mechanisms controlling viscoelastic properties in associating polymers is

still in rudimental stage.

Binary association is the simplest form of association in which two complementary functional
groups form reversible bonds. Sticky Rouse and Sticky Reptation models have been utilized to
study the associating polymers. However, some contradictions have been reported, such as
different bond lifetimes between different measurement techniques. The new bond lifetime
renormalization model was proposed later, which theoretically explained the contradiction.
However, it has not been thoroughly tested experimentally. In addition to the binary association,
it is also possible for functional groups on associating polymers to aggregate, forming clusters.
With microphase separation, the associating polymer can demonstrate enhanced mechanical
modulus. However, the reason for the elevated mechanical modulus is still not well-understood.
Besides mechanical reinforcement, microphase separation makes the dynamics and viscoelastic
properties of associating polymers more complicated. Also, the terminal relaxation behavior has
not been well understood. Thus, the main goal of this research is to provide a detailed and
quantitative understanding of the dynamics and viscoelastic properties of associating polymers
forming both binary association and microphase separation. Throughout the research, the

associating polymers with hydrogen bonding are telechelic so that the spatial hindrance will have



the least impact on dynamics of the physical bonds. Also, the chemical structure of the telechelic

polymer is more well-defined.

Firstly, we used both rheology and dielectric spectroscopy to characterize bond lifetime for
telechelic associating polymers with only binary association. The terminal relaxation time from
rheology is much longer than the bond dissociation time from dielectric spectroscopy, indicating
that rheological measurement has additional contribution on the estimation of bond lifetime.
Detailed analysis of experimental data revealed that the bond lifetime renormalization model
describes the results well. Through the analysis of the model, the sticker diffusion indicates a
Rouse to Reptation dynamics transition with longer backbone, suggesting that the dynamics of
super-chains must be considered. When bond strength is high, bond lifetime renormalization
model predicts no difference between the timescale of bond lifetime from rheological

measurement and dielectric measurement, which is verified by experiments.

Then, we are focusing on the associating polymer with microphase separation. We verified
microphase separation and characterized its structure using X-ray scattering. Taking the
interfacial layer model analysis of dielectric spectra from the polymer nanocomposite field, we
illustrated the existence of a layer of polymer segment with restricted mobility surrounding the
microphase separated cluster (In the later part of the dissertation we called it interfacial layer).
The thickness of the interfacial layer was found to be ~0.7—0.9 nm surrounding these
microphase separated clusters. The critical role of the interfacial layer on the mechanical
reinforcement was also confirmed through the analysis of both mechanical interfacial layer

model as well as mechanical percolation model.

As the next step, we proposed a mechanism of network rearrangement in associating polymer
2



with microphase separation by borrowing the idea of chain exchange kinetics in block copolymer
micelles. The mechanism also successfully explains the separation between timescales of the end
group dynamics within microphase separated cluster and the terminal relaxation time from
rheological measurement. Finally, we formulated a general molecular picture describing the

viscoelastic properties of associating polymers with microphase separation.

This dissertation is organized in the following way.

Chapter 1 gives a concise overview of the background of associating polymers and classic

theories and model describing the dynamics and viscoelastic properties of associating polymers.

Chapter 2 describes experimental techniques involved in the research. An introduction to the
principles and instrumentation of Differential Scanning Calorimetry (DSC), rheology,

Broadband Dielectric Spectroscopy (BDS), and X-ray Scattering is presented.

Chapter 3 presents the detailed experimental test of the bond lifetime renormalization model on a
variety of telechelic associating polymers. Our analysis verifies the mechanism of network
rearrangement in associating polymers with binary association. This analysis also suggests the

formation of superchain in the studied telechelic polymer system.

Chapter 4 extends the work of Chapter 3 by introducing a hydrogen bonding functional group
(single urea) with higher bonding energy. This functional group also forms binary association.
Our analysis demonstrates that the rheological terminal relaxation time equals to the bond
dissociation time from dielectric measurement, which also agrees with the prediction from bond
lifetime renormalization model.

Chapter 5 presents the detailed structural characterization of the associating polymers with
3



microphase separation using X-ray scattering, the unusually high mechanical modulus from
rheological measurements, the study of segmental dynamics using BDS with the analysis of the
spectra based on the dielectric interfacial layer model. Our analysis reveals the presence of
interfacial layer with thickness of 0.7 to 0.9 nm, and demonstrates the crucial role of the

interfacial layer on the mechanical reinforcement.

Chapter 6 presents analysis of the percolation phenomenon through the overlapping of interfacial
layer in associating polymer with microphase separation. We show that the mechanical
percolation model explains well the observed reinforcement. In addition, through the careful
comparison of shear modulus spectra and dielectric modulus spectra, the mechanism of how
network rearrangement happens was unraveled for associating polymer with microphase
separation. Finally, the general molecular picture of how stress relaxation happens in such

system is presented.

At the end, conclusions are summarized and some future directions are proposed as well.



CHAPTER 1 BACKGROUND AND LITERATURE

REVIEW

1.1 Associating polymers and their applications
Associating polymers are a unique class of polymers possessing functional groups which form a
transient network via reversible bonds' 2. These reversible bonds can associate and dissociate
based on their own binding energies, which has different dynamics from the polymeric chains to
which they are linked® 4. Thus, by incorporating the reversible bond into the associating polymer,
it adds new timescales that gives additional manipulation of dynamics of the whole polymer
chains. As a result, the properties of the polymers, especially the viscoelastic properties, can be
significantly tuned thanks to the incorporation of these reversible bonds. Due to the unique
dynamics of associating polymers, they have quite a few applications. One of the applications is
self-healing materials®’. For example, they can be used as the binder of the silicon electrode for
lithium batteries®. The silicon electrodes are prone to cracking during the recharging process,
resulting in a shortened lifetime. By incorporation of the self-healing binder made from
associating polymer, the electrode can self-heal during the charging process (Fig. 1.1a), so that
the lifetime of the lithium battery is prolonged®**. Another application is the shape memory
materials'?. In shape memory materials, crosslinks determine the permanent shape. Reversible
interaction is used to fix the temporary shape'®. At low temperature, the resulting transient bond
has a long lifetime. Thus, the shape of the material after being stretched will be fixed upon
cooling. At high temperature, the transient bond has a very short lifetime and will rearrange

towards equilibrium, allowing the shape of material to recover. Fig. 1.1b shows a typical
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illustration of shape memory materials made of associating polymers®2,



procedure of shape memory.

1.2 Different type of associating bonds
Several kinds of physical bonds can work as the transient reversible bonds for associating
polymers. These physical bonds include hydrogen bonding® ¢, ionic bonding®’*°, metal-ligand
bonding®® 2!, n—x stacking??, etc. Different type of associating bonds has different bond energies

(Fig. 1.2). In this research, we are focusing on the associating polymer with hydrogen bonding.

1.3 Associating polymers with hydrogen bonding
Hydrogen bonding is the most common associating bond in associating polymers because of its
directionality, cooperative property?3. In addition, the strength of the transient bond can be tuned
by increasing the number of H-bonding centers on the functional groups?®*, in other words, the
hydrogen bond strength can be tuned in a wide range based on rational molecular design of the
functional groups. One classical example of this kind of associating polymer utilized urea as
function groups, which form strong association bonds® (Fig. 1.3). With the hydrogen-bonded
functional group, not only they can link together, forming binary association, but also functional
group can aggregate together to form microphase separation. Recent study shows that hydrogen
bonding has an impact on the dynamics of hydroxyl, amine and carboxylic acid terminated

PDMS? 26 and PPG?’ associating polymers.
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1.4 Hydrogen bond forming binary association
Binary association is the most fundamental hydrogen bonding interaction when two sticky
groups on associating polymers form a transient bond. In such a case, the complimentary a
associating groups can associate and dissociate, with dynamics controlled by the lifetime of the
associating bonds. In the past few decades, associating polymers with hydrogen bonded
functional groups randomly distributed along the polymer backbone, have been investigated in
melt? 2% and solution state®*-2. The overall dynamics of such associating polymers is determined

by bond strength, i.e., the activation energy for bond dissociation.

1.5 Activation energy for bond dissociation and its estimation
If hydrogen bonds form binary association, it is the activation energy for bond dissociation that
controls the lifetime of the transient bonds. The illustration of activation energy is shown in Fig.
1.4. In associating polymers, the free energy level at associated state (E,gs,c) IS lower than that at
dissociated state (E ;55). Their difference is called binding energy (Eyinq). However, in order for
the transient bond to dissociate, it needs to overcome an energy barrier larger than Ep ;4. This
energy barrier is the activation energy (E,) for a transient bond to dissociate®. Since activation
energy is of paramount importance to determine the lifetime of the transient bond, several studies
have been conducted to estimate this activation energy. Matsumiya et al. acquired bond lifetime
of end-carboxylated polyisoprene associating polymers at different temperatures and used
Arrhenius fit to acquire the activation energy to be ~100-130 kJ/mol**. Xing et al. conducted
analogous analysis on a PDMS associating polymer with carboxylic acid functional groups and

acquired the similar activation energy?®®. The reason for the unusually high activation energy is

9
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that they did not take into account changes in segmental dynamics of associating polymers. In
associating polymers, 74 (the characteristic relaxation time of bond dissociation acquired from
experimental measurement) is controlled not only by the activation energy, but it is also affected
by the temperature dependence of segmental relaxation of the polymer, 7,(T). The segmental
dynamics defines the attempt frequency for the dissociation in this case®. Thus, 4;(T) is not

only correlated to the activation energy (E,), but it is also correlated to the segmental relaxation,

i.e., T4(T), so that 7,4;5(T) is expressed as:
Tais(T) = To(T)exp (22) (1.1)

in which the activation energy (E,) can be estimated from the measured t4;,(T) scaled by

T,(T):

is(T
E, = RTln[T:a—((T))] (1.2)

1.6 Characterization of bond lifetime
To estimate the activation energy, the bond lifetime characterization from experiment is quite
important. Both dielectric spectroscopy and rheology can are used for characterizing bond

lifetime.

11



1.6.1 Characterizing bond lifetime through dielectric spectroscopy
Dielectric spectroscopy is a powerful tool to characterize the bond lifetime. After the dissociation
process of the transient bond, the absolute value of the dipole moment changes with a value of
Ap. With the assumption that cross-correlations between different polymer chains can be

neglected, the microscopic correlation function y (t) can be expressed by dielectric function®’:

Tt = (- 2y () (13)

Es—Ex0

where L is the operator for Laplace transform whose general formalism for a time dependent
function is given by L[f(t)] = f0°° et f(t)dt. Since the variation of a dipole moment

originates from the time-dependent variation in the absolute value of the dipole moment |i(t)|

rather than orientation, the microscopic correlation function y(t) can be expressed by

(EOIE @) (1.4)

Y®) = {Zomon

Through this mechanism, the breaking of transient bonds results in a dielectric relaxation
process. The characteristic bond dissociation time can be acquired through the peak position of

the dielectric relaxation process.

In recent study, bond dissociation process in associating polymers with binary association has
been detected by dielectric spectra. In telechelic associating polymer with PDMS backbone
(different chain length) and amine functional groups (PDMS-NH2)(Fig. 1.5 (a)(b)(c))%, the
dielectric spectra demonstrates the bond dissociation process as a low frequency process, which
is on the left side of the segmental relaxation process. The bond dissociation process is also
verified by its dielectric strength increasing with the weight fraction of NH2 groups (Fig. 1.5d).

12
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1.6.2 Characterizing bond lifetime through rheology
Besides dielectric spectroscopy, rheology is another technique to characterize the bond lifetime
for associating polymer with binary association. The time it takes for bond rearrangement
(trearr) Can be acquired using rheological measurement. With the addition of the functional
groups, the terminal relaxation time, i.e., the time it takes for the macroscopic flow to happen, of
the polymer system can be prolonged until the network rearrangement happens, which originates
from bond dissociation. In addition, it can also result in a rubbery plateau which is defined by the
rubber elasticity theory. Quite a few models have been proposed in order to explain the
experimental results, including Sticky-Rouse model®® and Sticky Reptation model*. Both
models have been applied to study the associating polymer with functional groups randomly
distributed along the polymer backbone. Before introducing these two models, rubber elasticity

theory needs to be introduced first.

1.6.21  Rubber elasticity theory
The rubber elasticity theory was proposed decades ago. It was utilized to predict the mechanical
modulus of polymers which have rubber-like behavior. To simplify the case, all the polymer
chains are considered Gaussian chains whose probability distribution of the end-to-end distance
is Gaussian distribution. For each Gaussian chain i, the conformational entropy can be expressed

as:
Si = kB ln.()l- (15)
in which kg is the Boltzmann constant and (2; is the number of different conformational states.

14



Because of Gaussian distribution, we can have:

3R?

‘Qi ~ P(Rl) = e_ﬁ (16)

in which Ri is the end-to-end distance of each Gaussian chain and the <R?> is the mean-square
end-to-end distance. Assuming that the total number of Gaussian chains is n, the total entropy

can be denoted as:
S=Y",S; =kgin inwhich 2 =[], Q; .7)

All the chains are assumed to be uncorrelated with each other so that the entropy can be simply

added. Thus, the Helmholtz free energy can be expressed as:

3 n _R}
A=U—TS=U+EkBTZ

=1_.p2>

(1.8)

Then consider a simple shear, the chain end-to-end vector changes from RtoR’ (Fig. 1.6a). The
y and z components do not change during the simple shear, whereas x-component of the end-to-

end distance is displaced so that:
Rix - Rix + VRiy (19)

As a result, after the simple-shear deformation, Helmhotz free energy should be:

3kpT
— s Li=1 Y RE, = A(0) + (

nkgT

A(y) = A(0) + L

)y? (1.10)

in which A(0) is the free energy without the deformation. The total elastic force F is given by the

variation of the free energy A with the displacement X= yH (Fig. 1.6), that is,

_ 6& _ 6AA6_)/ __ nkgTy
F_(ax )TV_ ay ax  H (1.11)
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Thus, the shear stress has the form:
o =Gy (1.12)

in which G is the shear modulus which is given by:

G = nkpT _ pRT (1.13)

14 M

in which V is the total volume and M is molecular weight between crosslinks.

1.6.2.2  Sticky-Rouse model
The Rouse model is utilized to describe unentangled polymers in melt states. For timescale
longer than the segmental relaxation time, the polymer chain can be considered as a chain with a
many flexible segments, called Rouse segments. The motion of the polymer starts from the
single Rouse segment, and then expands to the whole chain®. The shear modulus relaxation

function in Rouse model can be expressed as

) (1.14)

T()NZ

Gr(t) = Gy 2’=1 exp (

in which N indicates the number of Rouse segments per chain. t, is the elementary Rouse time.

G, is the Rouse modulus defined as G, = ’%T which follows the rubber elasticity theory.

Here p is the density of the polymer, R is the gas constant, T is the temperature, M is the

molecular weight of the polymer.

For associating polymers, the Rouse modes can persist until the chain feels constraints of

transient crosslinks from the associating bonds. The chain motion on scales larger than the
17



distance between functional groups is controlled by bond lifetime. Then, the low order Rouse
modes from p=1 to p=Ns should be delayed, here Ns is the number of segments between
functional groups. Meanwhile, the high order chain modes are still Rouse-like. This enables us to
express the relaxation of the whole chain as a combination of high order Rouse modes with Ny +

1 < p < N with 7, and low order sticky Rouse modes with 1 < p < N, that are delayed by

Trearr .

Gr(t) = Go {SNonerr exp C2) + Tn, exp (—2—) (1.15)

ToN? TrearrN#
In the bracket, the first term indicates the conventional Rouse mode, and the second term
indicates the sticky Rouse mode. In addition, eqg. 1.15 is equivalent to eq. 1.14 if T,pqp <

(0 (ﬂ)z, and the Rouse time of the chain between stickers will be replaced by ro(ﬁ)z. In such a
Ng Ns

case, the contribution from bond rearrangement can be neglected. On the other hand, if T,¢q >
(0 (Nﬂ)z, the chain motion will be delayed due to the bond rearrangement. The Sticky-Rouse
model has been utilized to acquire 7,..4+ Of the P(MEA-co-UPy-MA) associating polymers (Fig.

1.7a)*. In Fig. 1.7, T,cq» Was labeled as 7, through which we know that the 7,4, is the

shortest Rouse time in the Sticky Rouse mode.

1.6.2.3  Sticky Reptation model
In the situation with entanglement of the polymeric chains in the system, the Sticky Reptation
model needs to be employed. When the molecular weight polymer reaches a threshold, i.e., Me,

the entanglement happens in polymers, which leads to a modulation of Rouse dynamics. In other
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Figure 1.7 (a) Sticky Rouse model and its usage on acquiring bond lifetime of the P(MEA-co-
UPy-MA) associating polymers*. (b) Sticky Reptation model and its scaling behavior®
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words, a polymeric chain performs Rouse relaxation at short times. However, further relaxation
process is confined when it encounters entanglement. Within the scenario of entanglement, the
polymers are confined in a “tube” formed by the surrounding polymeric chains. Then, it takes the
reptation time 7, for the chain to be pulled out, resulting in terminal relaxation*" 42, In entangled

polymer, t, is calculated as
_ N3
Tg = 3T6(N—e) (1.16)

in which N, indicates the number of Rouse segments between entanglement points and t, is tube

constraint time defined as
T, = ToN2 (1.17)
According to the Tube model from Doi and Edwards*, the relaxation modulus for representing

the relaxation process due to reptation is expressed as

—q2t

G(6) = 6} Tqsoaa rz € (L18)

pRT according to the transient network model.

in which G is defined as Gy = ”

When functional groups are incorporated into the entangled polymer, the dynamics gets modified
as well, depending on whether the number of functional groups is larger than the number of
entanglements®®. If the number of functional groups (p) is larger than the number of
entanglements (pe), there will be 2 rubbery plateaus (Fig. 1.7b). The rubbery plateau at high
frequency reflects the contribution from both entanglements and transient bonds, which persist

till 7,4+ Because of the sticky bond, the tube constraint time becomes even longer, which is
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modified as 7, = rrearr(%)z. Then, the second rubbery plateau shows up, persisting until the

sticky reptation time.

_ N 3 _ TrearrN3
Trep = Te (N_e) - TIVSZ (1-19)

If the number of functional groups (p) is less than the number of entanglements (pe), the Rouse
equilibration of entanglement strands does not necessarily require bond dissociation. The plateau

modulus is still the sum of entanglements and reversible bonds. Whereas reptation is still delayed
by the reversible crosslinks (Fig. 1.7b). On the timescale of 7,4, a fraction % is able to reptate
a distance of bN2° in which b is the segmental size. Then, the reptation of the whole chain over

a contour length of L = % becomes
e

_ TrearrLz _ TrearrN3
Trep - NZp2 - Nest (120)
N

in which a = N2°b is the entanglement length. Thus, no matter whether the number of
functional groups is larger than the number of entanglement or not, the expression of sticky
reptation time, namely the timescale when terminal relaxation time happens, are identical. Thus,
Treaqrr Can be acquired on condition that we know the exact chemical structure of the associating

polymer as well as the terminal relaxation time.

22



1.6.24  Bond lifetime characterization for telechelic associating polymers
from rheological measurement

Recently, the viscoelastic behavior of unentangled telechelic associating polymers with binary
association was also studied through rheological measurement. For telechelic associating
polymers, the chemical structure is more well-defined. Using the idea of the Sticky Rouse model,
only the lowest order Rouse mode was delayed. Thus, a Maxwellian relaxation behavior happens
at the low frequency end of the shear modulus spectra. In other words, terminal relaxation time
(t.) is the characteristic 7,4, for unentangled telechelic associating polymers with only binary
association. Xing et al. characterized . for PPG-COOH and PPG-NH,?’. Fig. 1.8 indicates the
shear modulus master curve as well as the shifting factor for PPG-COOH with DP of 6, 33 and
67. From the samples with DP of 33 and 67, there is significant delay of the terminal relaxation

time which shows apparent Maxwellian behavior at the low frequency end.

1.6.3 Disagreement of relaxation times from rheology and dielectric spectroscopy
Sticky Rouse Model and Sticky Reptation Model have been tested many times and quantitatively
reasonable results have been acquired. However, some problems arise on the quantitative side. In
recent study, ,.4 from rheological measurement appears several orders longer than 4, from
dielectric measurement. Shabbir et al. reported this phenomenon in the study of P(MEA-co-
UPyMA) associating polymer with hydrogen bonding®. In their research, the separation is ~40
for associating polymer containing 3% of functional groups and ~25 for associating polymers
containing 8% of functional groups. Xing et al. also found the similar situation in unentangled

PPG-COOH?". Terminal relaxation time estimated from rheology is several times larger than
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bond dissociation time estimated from BDS for PPG-COOH. In addition, with a longer PPG
backbone, the separation of these two relaxation times is greater. To explain the disagreement of

these two timescales, bond lifetime renormalization model was proposed.

1.6.4 Bond Lifetime renormalization model
The disagreement of t,..,,- from rheological measurement and t4; dielectric measurement can
be explained by the bond lifetime renormalization model which was first used to study the
autonomic self-healing of unentangled polymer networks**. In this model, one of the two end
monomers of each polymer chain is fixed in space mimicking dangling chains attached to a
polymer network, while the sticky monomer at the other end of each chain can form a pairwise

reversible bond with the sticky end of another chain. Below is the review of this model:
For binary association, the state of associating groups (stickers) is expressed as
A+A= A4, (1.21)

in which A and A, indicate the open stickers and closed sticky pairs, respectively. The total
concentration of sticky groups can be ¢, = c.q(A) + 2c.4(A4;) in which c.4(A4) and c.,(43)
indicate the concentration of A and A, at the equilibrium state. At the equilibrium state, the

concentration of the open and closed stickers is expressed as:

eq
Ceq(A2) _ Ct—Copen

- e
ng (A) z(cogen)z

=K, (1.22)

q

in which K., = b3exp (:—“T) is the equilibrium constant and b is the molecular size. The total
B
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concentration of sticky groups c; is one per volume of a dangling chain with N Kuhn segments.

Each Kuhn segment has a molecular size of b.

Cr ~ — (1.23)

1

eq _ J1¥0Keqt 1 ( ‘t ) (1.24)

2 Ea
C = = ex -
open 4K, 2K, V2b3N05 p( 2kgT
q q

Thus, if the transient bond is weak, i.e., E, < kgTInN, then K,, < Ci meaning that most of the
t

stickers are open and the associations between stickers are not important. However, if the
transient bond has intermediate bond strength, i.e, kg TInN < E, < 2kgTInN, there is one open
sticker per pervaded volume (the volume that an open sticker can explore) of a dangling chain.
The dynamics of bonding in this case is controlled by Rouse subdiffusive motion of stickers. The
average time (t,) two stickers spend in a bonded state before a successful separation on

molecular distance can be expressed as
Eq
Tp = ToeXp (IQTT) (1.25)

in which t indicates the time scale for segmental motion.

After the dissociation of two stickers, each open sticker moves by Rouse subdiffusive motion.

The mean-square displacement increases as the square root of time t.

(A2 () ~ b*()°° (1.26)
0

Thus, the volume explored by the open sticker is expressed by

Verpu(£) = (Ar2(D)): = b*(L)s (127)
26



This subdiffusive process belongs to the class of compact space exploration due to multiple
returns of the sticker to the same elementary volume. The number of returns to the same

elementary volume can be estimated as the ratio of the total number of elementary steps n (n =

expl(t) 73

v . .
Ti) to the number of elementary volumes 3 explored” during time t. In most cases, the
0

excursion of the open stickers after bond breaking ends by two stickers encountering each other
and forming a bond again. There are still a small number of open stickers whose excursion is
relatively long. The long excursions dominate the average lifetime of stickers in the open and

nonlinked state. This time 7., is estimated as the time that the open sticker diffuses to a new

1
open sticker whose distance is estimated as 7,pen = (Copen) 3. THUS, Topen IS estimated as
~ Topeny 4
Topen ~ TO( b ) (1-28)

Then, the renormalized bond lifetime 7,°™™ is defined as the average time it takes from the first
formation of a bond between a particular pair of partners until the formation of a bond with a
new partner. This time is the sum of the total time two stickers stay bonded during multiple
returns and the time the sticker takes to diffuse to a new sticker. Thus, the renormalized lifetime

can be expressed by:

renm

Tp ~ ](Topen)Tb + Topen (1-29)

As mentioned before, the number of returns can be estimated by

1
JO) x —5—=~ns (1.30)
(Ar2(t))z/b3

The model can be illustrated in Fig. 1.9. 1,..4,- from rheology indicates the structural
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rearrangement of the network formed by transient bond and t;; from dielectric measurement
originates from the direct transient bond dissociation. This model can explain reasonably the
separation between t,..,,- from rheology and t;;5 from dielectric measurement. The breaking of
the binary association bond may not result in the topological rearrangement since the sticker can
reassociate with its previous partner. Only when the sticker changes the partner the transient

network can rearrange, and 7.4, can be probed by rheological measurement.

In the case that the transient bonding is stronger, i.e., E;, > 2kgTInN, there will be less than one
open sticker in the volume pervaded by a dangling chain. In such case, a more complex process,
called hopping (partner exchange), is required for two open stickers to recombine. This

mechanism predicts T,eqrr = Tais-

Several groups have used this model to explain the combined dielectric and rheology data. Gold
et al. applied this model to the study of associating polymers with polyisoprene backbone and
urazole functional groups®. In the study, they also found separation between .., from
rheological measurement (denoted as 7,1,.,) and t4;s from dielectric measurement (denoted as
7,) (Fig. 1.10). In addition, they did some modification on the original model by considering the

open sticker diffusion process to be
(A (D) = b* ()" (131)
0

in which x is an adjustable exponent, with x = 0.5 for Rouse dynamic and 0.25 for reptation
dynamics. Finally, they achieved x value to be ~0.365, indicating an open sticker diffusion
behavior between Rouse dynamics and Reptation dynamics. This research shows good

qualitative agreement of the model with experimental result. However, there has been no
29
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thorough experimental test of this model yet.

1.7 Associating polymers with microphase separation
Binary association is the simplest model of association. However, if the polymeric backbone and
the functional groups of associating polymers are immiscible, then microphase separation
happens®. In such case, functional groups with binary association can aggregate together,
resulting in the formation of clusters separated from polymeric backbone*’. The microphase
separation can happen in associating polymer with different type of transient bonds, including

hydrogen bonding*, ionic interaction” 4, and even in vitrimers®.

1.8 Microphase separation in associating polymers based on hydrogen bonding
Functional groups with hydrogen bonding are usually polar. When the polymeric backbone is
non-polar, the functional groups are prone to form microphase separation due to immiscibility.
For example, Goldansaz et al. studied the diblock copolymers based on poly(n-butyl acrylate)
and (PnBA) and poly(hydroxyethyl acrylate) segments?®. In addition, Yan et al. found that the
microphase separation happens on mono-and bi-functional associating polymers with
poly(isobutylene) (PIB) backbone and functional groups such as thymine, diaminotriazole, and
barbituric acid, that form hydrogen bonding with each other (Fig. 1.11a)%"%2. Xing et al.
proposed a molecular picture of the microphase separated PDMS-NHCO-COOH associating
polymers with not only binary association, but also chain ends aggregate together to form

clusters (Fig. 1.11Db). In addition, it is the PDMS backbone that connects the clusters, forming a
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Figure 1.11 (a) Microphase separation in associating polymers with hydrogen bonding from Yan
et al.>* (b) Molecular picture of microphase separated PDMS-NHCO-COOH proposed by Xing

etal.8
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physical crosslinking network.

1.9 Ways of characterizing microphase separation in associating polymers
To determine whether associating polymers form microphase separation, the thermal analysis

and X-ray scattering are two powerful tools.

1.9.1 Thermal analysis
One of the most widely used thermal analysis methods to characterize microphase separation in
associating polymer is differential scanning calorimetry (DSC) through which the thermal
transition of associating polymers can be detected®® >, If microphase separation happens in
associating polymers, usually it shows two glass transition temperatures, while those without
microphase separation show only one glass transition temperature. Xing et al. found 2 glass
transition temperatures in telechelic associating polymers with PDMS backbone and NHCO-

COOH chain ends?®. This indicates the microphase separation in these polymers.

1.9.2 Scattering method
In comparison to thermal analysis methods, scattering methods provides more direct evidence of
microphase separation. Scattering results from the interaction of incident radiation and structures
within materials®. Thus, scattering techniques are very powerful to probe inhomogeneous

structures, such as microphase separation in associating polymers®.
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X-ray scattering method is widely used to probe the structure of microphase separation in
associating polymers, no matter whether the aggregate is crystalline or amorphous. The
aggregation domain usually results in a characteristic peak in the X-ray scattering measurement.
Herbst et al. studied the PIB functionalized with 2,6-diaminotriazine and Thymine groups using
X-ray scattering, in which they witnessed ordered scattering peaks showing that aggregates form
BCC lattice®’. Also, X-ray scattering was used to study the UPY-based associating polymers

which unraveled the nanofiber structures within it

1.10 The mechanical properties influenced by microphase separation
If microphase separation happens in associating polymers, mechanical properties change
dramatically. Due to the existence of microphase separated structure, the rate of network
rearrangement is much slower than that from binary association. Usually, microphase separation
results in the gel-like behavior in associating polymers. Xing et al.?® found that in microphase
separated associating polymers, the shear modulus spectra show a prominent rubbery plateau
regime before the final terminal relaxation (Fig. 1.12a). This prominent rubbery plateau does not
show up in PDMS-NH. with only binary association. Hawke et al. describes the linear
rheological properties of associating PnBA copolymer with microphase separation® (Fig. 1.12b).
They attributed the featured prolonged rubbery plateau to the trapped strands between clusters.
Later, Ahmadi et al. found a way to deconvolute the binary association and cluster dissociation
on the rheological properties of associating polymer®®. Not only the rubbery plateau becomes
more prominent, the modulus level in associating polymers with microphase separation also

increases a lot. Wu et al. found significantly elevated rubbery plateau modulus in the ionomers
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Figure 1.12 (a) Rheological spectra of telechelic PDMS-NHCO-COOH and PDMS-NH,, with
(upper) DP of 22 and shifting factor, (middle) DP of 50 and shifting factor, (lower) DP of 74 and
shifting factor. The inset indicates how plateau modulus level changes with DP with both
experimental data (red) and prediction from rubber elasticity theory (blue)?®. (b) A typical
viscoelastic behavior of associating polymer with microphase separation®®
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with higher volume fraction of clusters®. Xing et al. also found that rubbery plateau modulus
demonstrates abnormal behavior?s. When DP is 50 or 74, the plateau modulus for PDMS-
NHCO-COOH is ~ 1 MPa. This is a typical value for a crosslinked polymer network following
the rubber elasticity theory. However, when DP is 22, the plateau modulus appears at G’~10
MPa. This is around 1 order of magnitude higher than predicted by the rubber elasticity theory,
indicating strong mechanical reinforcements. The microphase separation also affects the shift
factor of associating polymers, leading to a failure of time-temperature superposition. For
conventional polymer, the shift factor shows Williams-Landel-Ferry (WLF) behavior®2. This also
applies for the associating polymer with only binary association. However, for associating
polymers with microphase separation, the temperature dependence of the shift factor becomes
complicated. Xing et al. found that at low temperature close to Tg, the shift factor has WLF-like
behavior. At high temperature, the shift factor becomes Arrhenius-like?®. The reason is that at
low temperature, shift factor follows segmental dynamics whereas at high temperature, the
cluster dynamics dominates the shift factor. Similar behavior was also found in Stadler et al.®®

and Wu et al %%,

1.11 Dielectric behavior influenced by microphase separation
Not only mechanical property is significantly altered by the microphase separation, but also
dielectric property gets significantly modified. When microphase separation happens in
associating polymers, dielectric measurement results also show some interesting behaviors.
Goldansaz et al. studied the dielectric behavior of partially hydrolyzed poly(n-butyl acrylate).

They discovered three characteristic relaxation processes correlated with transient bond
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dissociation, which is originated internal structural relaxation of the microphase separated
clusters besides binary association (Fig. 1.13a)?8. Xing et al. studied dielectric behavior of
microphase separated PDMS-NHCO-COOH and found a third process which originates from
microphase separation. This third process is attributed to the sticker motion inside the clusters
(ar, process) (Fig. 1.13b)?. The weight fraction of the functional groups participating in
microphase separation was also estimated based on the dielectric strength of this process,
through which they found that the majority of chain ends are aggregated into microphase
separated clusters. In addition, the broadening of the segmental relaxation process is also
observed. With microphase separation, the dielectric spectra of the segmental relaxation process
broaden, especially on the low frequency side (Fig. 1.13c)?. In addition, with shorter PDMS
backbone, the broadening becomes more severe. The broadening of the spectra indicates strong

dynamic heterogeneity of the segmental motion.

1.12 Dynamic heterogeneity in associating polymer with microphase separation
When microphase separation happens in associating polymers, motion of the polymer backbone
segments is restricted, especially for the polymeric segments in the vicinity of the clusters
formed by the microphase separated functional groups. The restricted segments form a layer
around the clusters. Since this layer is between the clusters and polymer phase, it is called
interfacial layer throughout this research. The idea of this interfacial layer in associating polymer
was first proposed by Eisenberg et al. in their Multiplet-Cluster Model for ionomers. They
assume that there is an interfacial layer around the multiplets formed by ionic groups, as is

shown in Fig. 1.14a'’. The layer has a thickness of the order of a persistence length of the
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Figure 1.13 Dielectric behavior in (a) partially hydrolyzed poly(n-butyl acrylate)?® (b) PDMS-
COOH associating polymer?® (c) €” spectra of a relaxation normalized to its maximum for
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polymeric backbone. Nyrkova et al. did some further theoretical study on the ionomer with
microphase separation and found that polymeric chains are grafted on the clusters which is a
Super-strong segregation microdomain®4. Thus, the polymeric segments in the vicinity of the
clusters get stretched, implying the restriction on their mobility. This is analogous to the situation
in polymer grafted nanoparticle, a kind of polymer nanocomposite sample in which the similar
interfacial layer has been found. Moreover, Vanhoorne et al. found direct experimental evidence
from NMR measurement that there is a local restriction in segmental chain mobility in the
vicinity of clusters formed in ionomers®. Besides ionomers, the interfacial layer was also found
in associating polymers with hydrogen bonding. Goldansaz et al. studied the dynamics of
partially hydrolyzed poly(n-butyl acrylate) through rheology and dielectric measurement and
proposed a general microstructure (Fig. 1.14b) that there is an interfacial layer around the
clusters formed by poly(acrylic acid) functional groups based on experimental observation and
wealth of literature?®. Thus, the idea of interfacial layer in microphase separated associating
polymers has been well established. However, it has never been quantitatively studied. For
example, the interfacial layer thickness has never been characterized yet. In addition, its effect on
the mechanical properties of associating polymers have never been analyzed. On the other hand,
the polymer nanocomposite, which is analogous to the microphase separated associating
polymer, has been well studied and quite a few models have been utilized to quantitatively
characterize the interfacial layer formed by the restricted polymer segments and quantitatively

describe the effect in the overall properties, i.e, mechanical reinforcements.
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1.13 Models for studying the polymer nanocomposite sample

1.13.1 Dielectric studies of the interfacial layer in polymer nanocomposites
Dielectric spectroscopy is an effective tool to provide an approach to estimate the thickness of
the interfacial layer in polymer nanocomposite samples. Several approaches to fit the dielectric
spectra had been applied to decipher the contribution from an interfacial layer in such
heterogeneous systems®"%, Previously, a simple two-HN functions fit (an additional HN
function to represent the interfacial layer process) and a more convoluted dielectric interfacial
layer model have been used to study the interfacial layer properties in polymer nanocomposite
samples®®. The interfacial layer model is the most accurate method to study the interfacial layer
using dielectric spectroscopy since it considers the non-additive feature of the dielectric response
in heterogeneous systems’®. Although the two-HN functions approach is less accurate®®, it is
much simpler and has been utilized in quite a few studies®” %8 "* providing reasonable results.
Through the results, the effects of an interfacial layer on polymer nanocomposites have been
unraveled as well. The segmental relaxation time in the interfacial layer was found to be about
one order of magnitude slower than that in the bulk polymer also in polymer nanocomposites®® "
and polymer grafted nanoparticle samples’. In addition, in the case of nanocomposites, the
slowdown of segmental dynamics in the interfacial layer depends on the particular polymer-
nanoparticles interactions’® . Not only the timescale, but also the dielectric strength is also
affected by the interfacial layer. It is now well documented that the dielectric strength of the
segmental relaxation in the interfacial layer of thin polymer films and polymer nanocomposite
samples is strongly suppressed®: > 76, |t was ascribed to a strong restriction on segmental

reorientation in the crowded interfacial layer’. Thus, the dielectric strength of the interfacial
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region does not reflect the true volume fraction of the polymer interfacial layer’®, and the
remaining dielectric strength from the bulk polymer should be used to estimate the volume
fraction of the bulk-like polymer, Ag,,,;, % . Then the interfacial volume fraction can be
estimated using @int = 1 — @np — @bulk, Where onp is the volume fraction of nanoparticles in the

polymer nanocomposite samples.

1.13.2 Mechanical Two-Phase Model (TPM)
By taking the analogy of our microphase separated associating polymer to polymer grafted
nanoparticles, we expect that the mechanical reinforcement in microphase separated associating
polymer can be explained through the mechanical model for the polymer nanocomposite
materials. Mechanical reinforcement happening in polymer nanocomposite materials have been
discussed for many years’’-"°, One of the models is the mechanical Two-Phase Model (TPM)
which considers that the mechanical reinforcement is only originated from the hard phase (i.e.,
nanoparticles) (Fig. 1.15a). In TPM, assuming no-slip boundary conditions between the matrix

and nanoparticles, the bulk modulus of the composite, K, can be calculated as’” "8 8:

K, = % (1.32)
With

- % (1.33)
and
Oom +@r =1 (1.34)
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Figure 1.15 A sketch of the (a) mechanical Two-Phase Model (TPM) and (b) mechanical
Interfacial Layer Model (ILM). The dark blue core represents nanoparticles, and the cyan
background represents the polymer matrix. The yellow shell surrounding nanoparticles
represents the interfacial polymer layer.
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where Ky and K, are the bulk modulus of the nanoparticles and the neat matrix; G,, is the shear
modulus of the neat matrix; ¢ and ¢, are the volume fraction of the nanoparticle and the

matrix. The overall shear modulus, G., can be calculated by solving an 8x8 determinantal

equation, which can be simplified as AX? + BX + C = 0 with X = g—c — 1 to be the positive root

m

of the equation’” ”. The index A, B and C are functions of i—m @f , o and oy, and can be
f

found in Ref.”® . Here, Gy is the shear modulus of the nanoparticle, o and o, are the Poisson’s

ratio of nanoparticle and neat matrix respectively.

1.13.3 Mechanical Interfacial Layer Model (ILM)
Another mechanical model considering the mechanical reinforcement in polymer
nanocomposites is the mechanical interfacial layer model (ILM). The mechanical ILM considers
not only the contribution from the nanoparticles, but also the contribution from the interfacial
layer around the nanoparticles, and provides a relationship between the interfacial layer
thickness, modulus and the overall macroscopic mechanical strength of the composite material
(Fig. 1.15b). It assumes a no-slip boundary condition between both interfaces of the
nanoparticle-interfacial layer and the interfacial layer-bulk layer®®. K, can be analytically

calculated as®!

K +K1R+K S
PrtPIR+OmS

With
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_ 3Kf+4G;

T 3K +4G) (1.36)
5= (3K p+4G) (3K p+4Gm)—12d (KK ) (G1—Gr) (1.37)
(3Km+4G,) (3K +4G)) '
Prto;
Pmtoi+or=1 (1.39)

where K; , G; and ¢; are the bulk modulus, shear modulus and the volume fraction of the

interfacial layer. The overall shear modulus of the sample G is calculated as:
Gc
40(G,/Gn)?IX| + (22) (21Y] + 8121} = 5IT| = 0 (1.40)

where |X|, Y|, |Z] and |T| are the determinant of a 10x10 matrices which depend on the shear
moduli, Poisson’s ratio, and volume fractions of filler (i.e., end group clusters), interfacial layer
and bulk-like matrix, respectively. The full expression of each matrix can be found in Maurer et

al 81

1.13.4 Mechanical percolation model
The mechanical ILM assumes the independent nanoparticle with interfacial layer®. In the case
that interfacial layer gets overlapped, the mechanical ILM becomes questionable, whereas the
mechanical percolation model is able to explain the mechanical reinforcement. The idea of
percolation is used to describe the disconnected clusters merging into significantly larger and
spanning phase®? 8, The percolated network has been discovered and extensively studied in

polymer nanocomposite samples®48, When the volume fraction of the nanoparticles reaches a
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threshold, at which the interfacial layer gets overlapped, the percolation happens®”#°. In such a
case, the interconnection of clusters is reached so that the rigid phase becomes infinitely large in
the system and a percolated network form® °, The percolated network changes the physical
properties of polymer nanocomposite samples dramatically, increasing the mechanical
modulus®?-%, To illustrate how the percolated network affects the mechanical modulus, the
mechanical percolation model is applied to illustrate the idea®®. It is a phenomenological
series/parallel model that was derived by Takayanagi et al.*® and extended by Ouali et al.®” with

the idea of percolation, as is shown. The overall shear modulus can be expressed as

_ (-2y+YX)GsGr+(1-X)PGF
- (1-X7)Gr+(Xyr—1)Gs

Ge (1.41)

in which G, is the shear modulus of the rigid phase. G is the shear modulus of the soft phase. X,
is the volume fraction of the rigid phase. v is the volume fraction of the “infinite” rigid phase
formed by connected clusters which actively propagates the forces from one cluster to another. y

can be estimated by the following equation:

0, X, <X,
Xr—Xc

Ll! - {Xr(l_—Xc)b' Xr = Xc

(1.42)

in which X, is the volume fraction of the rigid phase at the percolation threshold. b is the
percolation exponential number evaluating the rapidity that the rigid phase forms. The
mechanical percolation model has successfully explained the mechanical reinforcement of the

polymer nanocomposite sample in the case that the interfacial layer gets overlapped®* .
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1.14 Network rearrangement in associating polymers with microphase separation
Besides the mechanical reinforcement, how network rearrangement happens in microphase
separated associating polymers is another puzzle. In microphase separated associating polymers,
the mechanism of network reorganization becomes more complicated. Although the terminal
relaxation, namely the macroscopic flow, has been found in microphase separated associating

polymers, the understanding of its mechanism is still in rudimental stage.

The understanding of the network rearrangement started from the micelle model describing the
dynamics in solutions of associating polymers® % in which the network rearrangement (terminal
flow) is considered to be only possible upon debridging of all chains emanating from the cluster,
followed by hopping of the cluster to a new position. In contrast, the transient network model*%®
101 claims that it is the single sticker breaking and hopping from cluster to cluster that results in
the terminal flow (Fig. 1.16a). Through the combination of rheological study and NMR study,
Mordvinkin et al. validated that the transient network model can be used to explain the network
rearrangement®2, However, the mechanism of how a single sticker hops from cluster to cluster is
not well formulated. Through computer simulation, a more detailed mechanism was proposed by
Amin et al.*% In that model, network arrangement happens through partner exchange.
Specifically, when two clusters are in proximity, they can merge into a large cluster (Fig. 1.16b).
Since the large cluster is entropically unfavorable and short-lived, it will break apart into 2 new
clusters which contain different member stickers. However, this mechanism has not been tested
experimentally yet. And this mechanism was challenged by Mordvinkin et al. who claimed that
the distance between clusters in their studied system is well-defined, so that the possibility of the

cluster merging is small*%4. Moreover, Xing et al. found that 7, from rheological measurement
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Figure 1.16 (a) The sketch of the network structure includes a single-chain relaxation process
predicated by transient network model*®, (b) Sketch of a partner exchange mechanism through
cluster merging—dissociation process'®. (c) Activation plot of a2 relaxation process and terminal
relaxation time for telechelic PDMS-NHCO-COOH with DP of 22 and 50%°.
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(indicating network rearrangement) is significantly longer than 7, which indicates the
characteristic structural relaxation time in chain end aggregates for PDMS-NHCO-COOH with
DP of 50 through dielectric measurement (Fig. 1.16¢)?°. Mordvinkin et al. found similar
results'®. This separation prevents an accurate quantitative description of dynamics and
viscoelastic properties of associating polymers. The reason of this separation is still unknown.
Thus, more research is necessary to determine the detailed mechanism of chain rearrangement

between clusters in microphase separated associating polymers.

1.15 Research objectives
The main goal of this research is to provide a detailed and quantitative understanding of the
dynamics and viscoelastic properties of associating polymers. In addition, we formulated a

detailed plan for each objective:

Objective 1: (Experimental test of the bond lifetime renormalization model in associating

polymers with only binary association)

I.  Toacquire characteristic timescales (i.e., T, T, and ) at different temperatures through
dielectric and rheological measurement for all associating polymers.
Il.  To estimate the transient bond activation energy by considering the contribution from
polymer segmental relaxation.
1. To test experimentally the bond lifetime renormalization model using associating

polymer with different polymer backbone, different chain length and different functional
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groups. The transient bond here should have intermediate bond strength (i.e., kgTInN <
E, < 2kgzTInN).
IV.  To test experimentally associating polymers with stronger transient bond interactions

(ie., E, » 2kgTInN).

Obijective 2: (To characterize microphase separation of functional groups in associating polymers

and to understand why microphase separation results in mechanical reinforcement)

I.  To verify microphase separation of telechelic associating polymer using X-ray scattering.
Provide estimates of cluster-to-cluster distance, the radius of clusters, the number of
functional groups in each cluster, etc.

Il.  To estimate the interfacial layer volume fraction and thickness in microphase separated
associating polymer using dielectric spectroscopy.
I1l.  To unravel the critical role of the interfacial layer in mechanical reinforcement in

microphase separated associating polymers.

Obijective 3: (To develop better understanding of how microphase separation controls dynamics

and viscoelastic properties of associating polymers)

I.  Unravel the mechanism of chain rearrangements and terminal relaxation in the
microphase separated associating polymers.
Il.  Provide qualitative model description of the shear modulus spectra in microphase

separated associating polymers.
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CHAPTER 2 EXPERIMENTAL TECHNIQUES

Throughout the dissertation research, differential scanning calorimetry (DSC), rheology,
dielectric spectroscopy and X-ray scattering were used to characterize the associating polymers.
Differential scanning calorimetry (DSC) was used to study the glass transition temperatures of
associating polymers. Rheology was used to study the viscoelastic properties of associating
polymers. Dielectric spectroscopy was used to study the microscopic dynamics of associating
polymers. X-ray scattering was used to study the structure of the microphase separated

associating polymers.

2.1 Differential scanning calorimetry (DSC)

2.1.1 The principle of DSC
DSC is a thermoanalytical technique in which the difference in the amount of heat required to
increase the temperature of a sample and a reference is measured as a function of temperature.
During the DSC measurement, the sample and the reference are kept at the same temperature all
the time and then the thermal energy required to maintain the zero-temperature difference is
measured. During a thermal event in the sample, it transfers heat flow to or from the sample pan
to maintain the sample with the same temperature as it is in the reference pan, which can be

monitored by a computer (Fig. 2.1).
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Figure 2.1 Scheme describing DSC
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2.1.2 The DSC instruments
The DSC instrument we used is DSC Q2000 and DSC 2500 from TA Instruments. Both are heat
flux DSC. The heat flux DSC consists of a single furnace in which the sample and reference are
heated or cooled together under a controlled temperature program. The sample encapsulated in
an aluminum pan and a vacant reference pan are placed on thermoelectric disks surrounded by
the furnace. As the furnace temperature is changed, heat is transferred to the sample and
reference. The differential heat flow to the sample and reference is measured by area
thermocouples using the thermal equivalent of Ohm’s law. The heat flow of the sample is

defined by the equation below:
q=Cy o+ f(T,0) 2.1)

in which C,, is the sample specific heat capacity, Z—Z is the heating/cooling rate. (T, t) is a kinetic

response at a specific temperature or time. Any thermal transitions, i.e., crystallization, melting,
glass transition, can show up as sharp change in C,. Figure 2.2a indicated how these thermal
transition results in the final DSC curves. During the glass transition process, there is a change of
the specific heat capacity on the polymeric material, showing as a step. Then T4 can be

characterized by midpoint temperature (Fig. 2.2b).

2.2 Rheology
We used the small amplitude oscillatory shear (SAQOS) in rheological measurement to study the
viscoelasticity of the associating polymers. SAOS is often utilized to investigate the viscoelastic

property of the polymeric material in the linear region.
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Figure 2.2 (a) Featured DSC curve with glass transition, crystallization and melting. (b) Featured
DSC curve with glass transition and how Tj is defined.
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2.2.1 Startup shear

Before the discussion of SAOS, the startup shear needs to be introduced. In shear measurement

in rheology, the sample is sandwiched between two parallel plates. We also assume that there is
no slip at the interfaces between the sample and the plate. To produce startup shear, the lower
plate is held stationary, while the upper plate is made to suddenly displace in the X direction with
a velocity of V (Fig. 2.3). In such case, sample’s upper boundary will move by X=Vt at time t.
The shear strain y is defined by the displacement over the thickness H of the sample, expressed

as

X
Y =7 (2.2)
Then the shear rate is defined as

,_dr _V
¥ =% ~x (2.3)

During the deformation, the sample resists the shear so that a finite horizontal force F arises
along the X axis. The shear stress ¢ can be defined as the total resistance force on the bottom

surface divided by the surface area X.

o= (2.4)

2.2.2 Linear Responses and small amplitude oscillatory shear (SAOS)
Perfectly elastic solids can result in an instantaneous deformation with a shear strain y when a

shear stress ¢ is suddenly applied. At small enough shear strain, a linear relationship often exists
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Figure 2.3 An illustration of startup shear in three dimensions
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between the time dependent shear strain y(t) and the time dependent stress o (t):

a(t) = Gy () (2.5)

in which G is the elastic shear modulus. For viscoelastic materials like polymers, the shear
modulus is typically a decreasing function of time t, i.e., G(t), in the stress relaxation process
(Fig. 2.4). Thus, the relationship between y (t) and a(t) becomes more complicated. Based on

linear response theory, their relationship can be described by
a®) = [ _G(t—t" %dt' (2.6)

During the SAOS measurement, instead of displacing the upper plate with a constant shear rate,

a small oscillatory deformation was applied to the sample:

y(t) = yosinwt 2.7)

in which yo is the amplitude of the oscillatory shear strain. The stress response in the linear

response regime is also oscillatory according to the linear response theory, which is expressed
by:

a(t) = 0p(w) sin[wt + §(w)] = yo(G' (w)sinwt + G"(w)coswt) (2.8)

in which ¢’ (w) = @cos [6(w)] is the storage modulus and G (w) = @sin [6(w)] is the
0 0

loss modulus. The relationship between G'(w), G"(w) and G(t) is
¢'(w) = w [, G(®) sin(wt) dt (2.9)

¢"(w)=w fooo G(t) cos(wt) dt (2.10)
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Figure 2.4 A scheme indicating how mechanical modulus changes with time in polymer

59



In other words, the G'(w) and G (w) are the result of Fourier Transformation of G (t).

In practical rheological measurement, g,(w) and & (w) can be acquired in the frequency range

between 10! rad/s to 10 rad/s, through which G’ (w) and G”' (w) can be calculated.

2.2.3 Time-temperature superposition

One of the limitations of SAOS is that the frequency range is quite limited, to overcome the
limited frequency range, master curves are constructed which combine results of measurements
performed at various temperatures to a single reference temperature but representing the material
properties in a much broader frequency range. To construct the rheological master curve, a
reference temperature at which one of the spectra was measured is first chosen. Then other
measured spectra are horizontally shifted so that they can overlap with each other (Fig. 2.5). The
shifting factor a(T) is used to represent how much horizontal shift of the measured results has

been done.

2.2.4 Maxwell relaxation
Maxwell was the first to propose a phenomenological treatment of viscoelastic phenomena,
famously known in the field as Maxwell model*®. It is a combination of a spring and a dashpot
in series, as shown in Fig. 2.6a. The spring represents the elastic component of the material, and
the dashpot represents the viscous component of the material. Because the spring and dashpot are
connected in series, they will suffer the same amount of stress during the deformation. Thus, the

following equation can be written:
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Figure 2.6 (a) An illustration of the spring-dashpot model. (b) The prediction of rheological
spectra from Maxwell Model
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y=2+ 2 (2.11)

For a stress relaxation measurement, during the shear cessation (y = 0) after a small step shear,

the stress decay can be observed. If the condition y = 0 is given, eq. 2.11 can be written as:
=0 (2.12)

By solving the differential equation, we can get:

Gt

a(t) =ope " (2.13)

where oy is the stress when t=0. Here a characteristic relaxation time can be defined, which is

=1/G. So, eg. 2.13 can be written as:

t

a(t) =o0pe = (2.14)

Thus, the modulus relaxation function for the Maxwell relaxation can be expressed as
_t

G(t) =Ge (2.15)

According to eq. 2.9 and eq. 2.10, the G’ (w) and G" (w) for the Maxwell behavior can be

expressed as

2.2
G'(w) = G% (2.16)
G"(w) = G% (2.17)

The typical rheological spectra for Maxwell relaxation are shown in Fig. 2.6b. In the graph, a
peak can be seen in G"' (w). Whereas G'(w) shows a plateau on the high frequency side of the
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peak. For the low frequency side, G'(w) and G (w) show a slope of 1 and 2 in log-log scale.

. . . 1
From crossover of G''(w) and G"' (w), the characteristic relaxation time is considered as T = —~
c

in which w( is the angular frequency at the crossover. Sometimes, the frequency of the
maximum in G" (w) is taken for the relaxation time. These two definitions are identical for the

Maxwell model but might differ for real systems.

2.2.5 A phenomenological generic peak description in shear modulus spectra
Maxwell model provides the simplest viscoelastic behavior. Usually, the relaxation behavior is
more complicated. For instance, the Rouse relaxation behavior, as reviewed in Chapter 1, is a
superposition of many Maxwell relaxation processes. Maxwell relaxation process is usually
utilized to describe terminal relaxation behavior. In some more complicated scenario, i.e., the
segmental relaxation, the relaxation process happens with a distribution of the timescale. This
results in the broadening of the rheological spectra for both G'(w) and G"' (w). Thus, a

phenomenological generic peak description was proposed!%:

! _ ;

Gw) = (wt1)P1+(wT)b2 (2.18)
)= — A

G"(w) = (WT1)C1+(wT)°2 (2.19)

Here A represents the modulus level. b1, b2, c1, c2 describe low- and high-frequency slopes of
the G’ and G” curves, respectively. Although these equations do not satisfy Kramers— Kronig
relationship which is known to be valid for linear viscoelastic regime, their generic shape not
only describe the broadening of segmental relaxation process, but also includes the contribution

63



of additional dynamics like Rouse modes which are very difficult to fit separately. This method

is sufficient to estimate the characteristic relaxation time.

2.2.6 Analysis of the data from shear modulus spectra
Usually, rheological spectra demonstrate a segmental relaxation process as well as a terminal
relaxation process. The shear modulus master curve involved in the proposed research can be
analyzed through the function set with a Maxwell term describing the contribution from terminal
relaxation (right term) as well as a phenomenological generic peak term describing the

contribution from segmental relaxation, which is presented below (left term):

! _ A wz.[%
G (w) N (wT1)b1+(wT1)_b2 e 1+w2.[% (220)
G”( ) = A wTy (2 21)
®r= (0T1)°1+(wT1) ™42 € 1+w27? .

Here A and G, represent the plateau moduli in the glassy and terminal regime, respectively. 7,
and 7, indicates the characteristic relaxation time of the segmental and terminal relaxation,
respectively. This fitting function set has been successfully estimating segmental relaxation time
and terminal relaxation time for PPG-COOH?’. Then relaxation time as a function of temperature

can be acquired through time temperature superposition.

2.2.7 Rheological measurement setup
Rheological experiments were performed at an AR2000ex rheometer from TA instrument. Three

different types of measurements were carried out. They are small amplitude oscillatory shear
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(SAQS), startup shear and creep. For all the experiments, parallel plate geometry with a
separation between upper and lower plate of ~700 um was used (Fig. 2.7). Small amplitude
oscillatory shear (SAOS) was used to probe the linear viscoelasticity of the associating polymers,
and 4mm plate was used. For viscosity measurement, 8mm plate was used. The startup shear was
used to measure viscosity lower than 10000 Pa.s. and creep was used to measure viscosity higher

than 10000 Pa.s.

2.3 Broadband Dielectric Spectroscopy (BDS)
2.3.1 Electrostatics
In order to understand the principle of BDS, we need to understand the electrostatics first. If an
external dielectric field E is imposed on a material with permanent dipole moments, the external
field forces the dipoles to align parallel to the field. This is the polarization behavior. The
polarization P describes the dielectric displacement which originates from the response of a

material to an external field, which is expressed as
P = (g, —1)gyE (2.22)

Here ¢, is dielectric permittivity of vacuum. &, is the dielectric permittivity of the material. The
overall polarization P consists of two components: the instantaneous polarization P,, because of
the atomic and electronic polarizations and the orientational polarization P,because of the

reorientation of the permanent dipoles. Thus,

P = Poo + PO = 80(800 - 1)E0 + goAgEo (223)
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Figure 2.7 Parallel plate measuring system
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In such case, &, = &4, + Ae in which Ae is the relaxation strength. &, is the permittivity of short-

time response.
Py = 2 {u), (2.24)

Here N is the number of permanent dipoles in the volume V. After the electric field is applied,
the new equilibrium state is only partially oriented parallel with the applied field due to the

thermal fluctuations. Thus,

T 0 ucos@Eoz in0do 5
(), = Lo oy oSl _ (g« KT)  (2.25)

[ exp (22250 asin6 a6 3KT

Thus, according to the Curie law,

As = M (2.26)

T 3gVKT

2.3.2 Dielectric linear response and dielectric relaxation (dielectric retardation)
If an external electric field is applied to a dielectric material, the macroscopic polarization will
not reach its equilibrium value instantaneously but after a certain time (Fig. 2.8). In other words,
dielectric permittivity changes with time, which can be expressed by &(t). Then the relationship

between P(t) and E(t) can be expressed by

P(O) = Pot e ' et — ) D gy 2.27)

according to linear response theory. In BDS measurement, an oscillatory electric field is imposed
on the material, which is expressed as
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Figure 2.8 Schematic relationships between (a) time dependence of the electric field and (b) time
dependent dielectric relaxation function
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E(t,w) = Eyexp (—iwt) (2.28)

The polarization response is also oscillatory according to the linear response theory, which is

expressed by:
P(t,w) = gle*(w) — 1]Eyexp (—iwt) (2.29)

where

* I 7 oo de(t
e'(w) = &'(w) —ie"(®) = &0 — | Z(t)

exp (—iwt)dt (2.30)

In other words, £*(w) , the complex permittivity, is the result of one-sided Fourier or full
imaginary Laplace transformation of £(t). &' (w) and " (w) are the real and imaginary part of

the complex permittivity.

The dielectric relaxation strength can be expressed as
2 o 4y
As = ;fo " (w)dinw (2.31)

Both dielectric functions e(t) and *(w) are generalized compliances, which reflects dielectric
retardation behavior. The related modulus is called electric modulus M(t) in the time domain and
M*(w) = M'(w) + iM"(w) in the frequency domain, which reflects true relaxation behavior.

The relationship between dielectric permittivity and electric modulus is

M (w)e*(w) =1 (2.32)
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2.3.3 BDS measurement techniques
Broadband dielectric measurements were performed using Novocontrol Concept 80 system,
including Alpha-A impedance analyzer, ZGS active sample cell interface, and Quatro
Cryosystem temperature control unit. If the sample is liquid-like, it is placed into a parallel-plate
dielectric cell made of sapphire and invar steel, with a defined electrode diameter and electrode
separation (Fig. 2.9a). If the sample is solid-like throughout the temperature range of
measurement, it is placed in dielectric cell with upper and lower gold plate (Fig. 2.9b). The
measurements were in the frequency range of 102 — 108 Hz. Fig. 2.9c illustrates the application
of a sinusoidal electric field. There is a phase lag between the applied electric field and the

resulting current. Thus, the impedance is a complex number. Impedance Z* is measured as Z* =

IIJ— So that complex capacitance and permittivity can be derived as C* = ﬁ and e* = z—
0

2.3.4 Description of dielectric relaxation behavior
The simplest description of the dielectric relaxation behavior is Debye relaxation. Assumption
that the change of the polarization is proportional to its actual value, which is expressed by the

differential equation:

dP(t) _ 1
L) (2.33)

in which 7, is a characteristic relaxation time. This relationship leads to the complex dielectric

function:

Ag
1+2mivtp

W) =€, + (2.34)
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Figure 2.9 (a) Depiction of the sample cell for liquid-like sample. (b) Depiction of the sample
cell for solid-like sample. (c) Depiction of the input sinusoidal electric field and the resulting
current.
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This is most fundamental dielectric relaxation behavior which considers the no distribution of
timescale. Usually, the measured dielectric spectra are broader and more asymmetric. The
Havriliak and Negami (HN) equation is often used to analyze £* spectra in which both broadening and

asymmetry are considered*”: 108,

Ae
[1+(rivTgn)*]Y

eun(V) = € + (2.35)

Here, a and y are the shape parameters denoting broadening and asymmetry. ty is the
characteristic relaxation time from HN function fitting. It is used to estimate the relaxation time

at the loss maximum 7,4,

1 1

e = i ()| o (22 e

If there are several dielectric processes in the £* spectra, then the fitting function is a sum of
several HN functions, depending on the number of processes. Conductivity can contribute to the

dielectric spectra. It appears as a power law with a slope of -1 in &"’ spectra. The conductivity

g

contribution added another term —toeq. 2.35.
0

21l

The conductivity mentioned above might cover some dielectric processes from &*. However,
conductivity does not contribute directly to ', only conductivity relaxation process can. Thus,
derivative analysis for the &’ spectra has been utilized to extract the relaxation processes.

According to Kramers-Kronig relationship, it should be similar to €". Based on the logarithmic

derivativel®, &), is express as follow:
, nde' () m ayAe(2mur)%cos [T-(1+Y)0xN]
Eder =—-7 =7 1+y (237)
2 dlnv 2 1ty

[1+2(2mvT)@ cos(%a)+(27w‘c)2“] 2
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in which

sin (%)

(2mut)~%+cos (%)

Oy = arctan (2.38)

Also, if two dielectric processes are too closely adjacent in £*(v) spectra, they can be
distinguished through derivative analysis because the peaks appear narrower in this analysis. In
terms of M* spectra, the process can be fit using HN functions as well and 7,,,,, can be acquired
through eq. 2.36 as well. In dielectric modulus analysis, the fitting function can also be a sum of

HN function based on the number of processes.

2.4 X-ray scattering

2.4.1 Definition of scattering vector q

For inhomogeneous materials, the scattering of X-ray originates from electronic density

fluctuations on length scales assessed by the scattering wave vector g = E — E in which E and

—_

k¢ are wave vector of the incident and scattered X-ray beam, respectively (Fig. 2.10). For elastic

4T
A

. - - - .0 . . . .
scattering, kl| = |kS | = ZTTT and thus |g| = —sin (E) in which A is the radiation wavelength and

0 is the scattering angle.

2.4.2 1storder Bragg’s law
When X-ray beam encounters any inhomogeneity or individual atoms in a system (i.e.,
nanoparticle in amorphous polymer), it will scatter at different directions with different 6. At a

specific direction, the scattered beam interferes with another scattered X-ray beam from an
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Figure 2.10 Illustration of the wave vector of incident X-ray beam, scattered X-ray beam and
scattering wave
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adjacent piece of inhomogeneity (Fig. 2.11). The constructive interference, when the two
scattered waves are coming in phase, results in stronger X-ray intensity. Through this
mechanism, the spacing between this two adjacent inhomogeneity is calculate, which is the 1%

order Bragg’s law.
A = 2dsin? (2.39)

in which d is the distance between 2 adjacent inhomogeneity. Thus, the d can be expressed as a

function of scattering wave vector:

d~2Z (2.40)

2.4.3 X-ray scattering setup
X-ray scattering measurement was conducted on XEUSS 3.0 (Xenocs, France) equipped with a
Cu Ka microfocus source and a Pilatus 300k detector (Dectris, Switzerland) (Fig. 2.12). The
scattering vector (q) is calibrated by a silver behenate standard material. The distance between
sample and detector is 0.9m and 0.55m for SAXS and WAXS, respectively). The sample was
squeezed into a capillary tube made of quartz glass with diameter 1.5mm and the wall thickness
0.02mm. Then the capillary was placed perpendicularly to the X-ray beam. The measurement
mentioned above was also done on the empty capillary to subtract the background. X-ray

measurements were performed at room temperature.
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Figure 2.11 Depiction of how constructive interference is generated by the adjacent
inhomogeneity during the X-ray scattering measurement

J—b.m
=
=

.,;h | = [®

X xenocs Xeuss 30

Figure 2.12 X-ray scattering equipment. The left part is the X-ray beam generator. The right part
is the sample and detector.
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2.4.4 Analysis of the X-ray scattering spectra

The Gaussian equation was used to fit the peaks in X-ray scattering spectra:

1@) = o + (G7=p)exp [-()7] (241)

w

where y, is the background. A is the intensity of the peak defined by the amount of clusters

present and their contrast, w is the width of the peak.
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CHAPTER 3 EXPERIMENTAL TEST OF BOND

LIFETIME RENORMALIZATION MODEL IN

ASSOCIATING POLYMER WITH BINARY

ASSOCIATION

A version of this chapter was published in Soft Matter, by Sirui Ge, Martin Tress, Kunyue Xing,
Peng-Fei Cao, Tomonori Saito, and Alexei P. Sokolov “Viscoelasticity in associating polymers:

experimental test of bond lifetime renormalization model” (Soft Matter, 2020,16, 390-401)

Alexei P. Sokolov formulated the concept and managed the entire project. Sirui Ge did most of the
rheology and dielectric measurement, did all the model analysis and wrote most of the manuscript
under the guidance of Alexei P. Sokolov and Dr. Martin Tress. Kunyue Xing provided the chemical
synthesis and some of the preliminary measurements, Peng-Fei Cao and Tomonori Saito provides

the general guidance and supervision of the synthesis.

3.1 Introduction
Associating polymers with stickers randomly distributed along the polymeric chains have been
studied in both melt? %8 and solution® 1% 111 Recently, also much better defined systems like
telechelic polymers are in focus'!?1%° 116.117 Dye to the mechanical robustness established by the
supramolecular network, many studies employ rheological measurements. Several models were

proposed to explain the experimental results on a molecular level, such as the Sticky Rouse model®®
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and the Reversible Gelation model*!8. A central parameter in these descriptions is the activation
energy Ea required to dissociate the bond between stickers'®®. E.g., Tanaka et al.®* 1%t and Indel et
al.'?% 12! proposed models to calculate this energy for cluster associations and pairwise associations,
respectively, from the characteristic relaxation times revealed in rheology. It is basically agreed
that the structural relaxation time 7, is the pre-factor in an Arrhenius type equation®® *° describing
the temperature dependence of the characteristic dissociation time 7, of the supramolecular

network.

(1) = Ta(Dexp () (3.1)

where R is the gas constant. The earlier rheological studies considered the terminal relaxation time
T in shear modulus spectra to reflect the characteristic time of the sticker dissociation . However,
the recent investigations combining rheology and dielectric spectroscopy challenged this

interpretation*® 122,

Dielectric spectroscopy!® can provide insight not only into the orientational dynamics but also
into association behavior of such polymers, because the dissociation of stickers is accompanied by
a change in the dipole moment (since the stickers are often polar groups)'?3. This means that the
dissociation can be observed in dielectric spectra and is commonly referred to as o*-relaxation'?*
with the characteristic relaxation time . In addition, dielectric spectroscopy is also a common
method to probe the segmental relaxation of polymers®. Thus, besides rheological measurement,
dielectric spectroscopy can also be utilized to detect the relevant processes in associating
polymers!?. In recent studies of entangled polyisoprene randomly functionalized with urazole

groups, it has been found that the rheological terminal relaxation time 7, and the sticker
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dissociation time probed by dielectric spectroscopy t,, differ with the former being several orders
of magnitude longer than the latter*> 122, The authors explained this observation with the concept
of lifetime renormalization proposed by Stukalin et al.**. The model demonstrated two relevant
contributions to the bond rearrangement timescale: (1) after dissociation the sticker returns to its
former partner J times and remains associated with it for z, each time, before (2) it diffuses to

another free chain-end (sticker), which requires the additional diffusion time 7,,,:

renm

Tp = ](Topen)Tb + Topen (3.2)

Considering the assignments t;, = 7, and 7,°™™ = 7., this model explains at least on a qualitative
level why the terminal relaxation time from rheological measurements is often larger than the o*-
relaxation time deduced from the dielectric data. However, the previous research lacks detailed

quantitative analysis of the bond lifetime renormalization model.

To provide thorough and quantitative test of the lifetime renormalization model, we utilized both
rheology and dielectric spectroscopy to probe the characteristic relaxation times of several
telechelic polymers with different chain length and associating groups*?® 27, We find that the
separation between terminal relaxation time and sticker dissociation time ranges from less than
one decade to about 4 decades and depends strongly on molecular weight (MW) and activation
energy of the end group dissociation. The model of lifetime renormalization as generalized by
Gold et al.*> 122 allows the calculation of the diffusion exponent x, which exhibits a systematic
transition from x ~ 0.5 (Rouse dynamics) to x ~ 0.25 (reptation dynamics) with increasing MW.
This transition appears well below the entanglement MW M., which suggests the formation of

super-chains with an effective MW above M,. According to this analysis, the generalized model
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of lifetime renormalization seems to describe the behavior of associating telechelics quantitatively;
though, a definite verification requires means to check independently the extracted values of the

diffusion exponent x and the number of returns J.

3.2 Materials
In this research, the telechelic associating polymer used are associating polymers with
polydimethylsiloxane (PDMS) backbone and polypropylene glycol (PPG) backbone. The
associating polymers with PDMS backbone are terminated with amine (-NH2) and thioether-linked
carboxylic acid (-S-COOH) as end groups, labeled as PDMS-NH; and PDMS-S-COOH,
respectively. The associating polymers with polypropylene glycol (PPG) backbone are terminated
with amine (-NH.) and urethane-linked carboxylic acid (-NHCO-COOQOH) as end groups, labeled

as PPG-NH; and PPG-COOH.

3.2.1 Commercially available polymers
Some of these associating polymers involved in this research are commercially available, including
amine-terminated PDMS (PDMS-NH), vinyl terminated PDMS (PDMS-V) and amine-
terminated PPG (PPG-NH2). PDMS-NH2 with MW of 850-900, 900-1000, 3000 and 5000 g/mol,
vinyl terminated PDMS (PDMS-V) with MW of 800 and 6000 g/mol, were purchased from Gelest
Inc. PPG bis(2-aminopropyl ether) (PPG-NH.) with DP 6, 33, 67 (Mn of 480, 2046 and 4018 g/mol

was purchased from Sigma-Aldrich and used directly without further purification. The chemical
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structures are verified by NMR measurement (Fig. 3.1). The peaks in the NMR spectra indicate

the different organic groups on the chemical structure.

The degree of polymerization (DP) of PDMS-NH,, PDMS-V and PPG-NH, were calculated by
the end group analysis through the Nuclear Magnetic Resonance (*H NMR) spectra, i.e., for
PDMS-NH,, comparative integration of the peaks assigned to the methyl groups in the repeating
units and methylene groups adjacent to amines. Then, DP is calculated by the ratio of integration

of methyl groups in the repeating units to the integration of methylene groups adjacent to amines.

In this research, the number of Kuhn segments needs to be used. The number of Kuhn segments

in the chain N (Table 3.1) is obtained from the DP and the characteristic ratio C., (6.3 for PDMS!?

and 5.76 for PPG*?°) according to N = Ciwhere n denotes the number of atomic bonds in the

main chain!® (n equals to 2xDP in PDMS and 3xDP in PPG). The labeled Mw, degree of
polymerization, number of Kuhn segments and the actual molecular weight (M,) of each

commercially available polymer is shown in the Table 3.1.

3.2.2  Synthesis of non-commercially available associating polymers
PDMS-S-COOH, PPG-COOH involved in the research are not commercially available. They
were synthesized by other colleagues in the research group. The synthesis routes and the

structural characterizations are shown below:

PDMS-S-COOH was synthesized from PDMS-V and react with 3-Mercaptopropionic acid. The

synthesis route is shown in Fig. 3.2a. The chemical structure is verified by *H NMR
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Figure 3.1 Chemical structure and *H NMR results of (a) PDMS-NHz, (b) PDMS-V (c) PPG-
NHo>.
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Table 3.1 The labeled Mw, degree of polymerization, number of Kuhn segments and the actual
molecular weight (Mn) of each commercially available polymer

Material Labeled Mw [g/mol] | DP N M [g/mol]
PDMS-NH2-13 850-900 13 4 1194
PDMS-NH2-19 850-900 19 6 1522
PDMS-NH,-22 900-1000 22 7 1744
PDMS-NH,-50 3000 50 16 3816
PDMS-NH,-74 5000 74 23 5592

PDMS-V-13 800 13 4 1016
PDMS-V-83 6000 83 26 6196
PPG-NH-6 900-1000 6 3 1744
PPG-NH,-33 3000 33 17 3816
PPG-NH2-67 5000 67 35 5592
(a) CHs CHs AIBN
/\ég/oj&/\ i distilled Toluene
I A | HS OH
CHs CHs
vinyl terminated PDMS 3-Mercaptopropionic acid
CHy CHy
Hoﬁ(\/s\/\é l /O>\ | /VS\/YOH
Si Si
o} (|:H3 ' CI:H;, o
PDMS-S-COOH
(b) x

o

T r r ——
8.5 8.0 7.5 7.0 6.5

ooy s g
HO s [¢] s OH
YRS

b a

CH;

CH, o]

d

4.0 3.5
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T T Y T
6.0 55 5.0 4.5

3.0

a bte

Y
F 3

,,,,,,,,,
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Figure 3.2(a) Synthesis of amide-acid terminated polydimethylsiloxane (PDMS-S-COOH) from
the vinyl-terminated polydimethylsiloxane (PDMS-V). (b) *H NMR spectra of PDMS-S-COOH.
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measurement (Fig. 3.2b). The peaks in the NMR spectra (labeled from a to e) indicate the
different organic groups (labeled from a to e) on the chemical structure. PPG-COOH was
synthesized from PPG-NH: and react with succinic anhydride. The synthesis route is shown in
Fig. 3.3a. The quantitative end-group modification was confirmed by *H NMR (Fig. 3.3b). The
peaks in the NMR spectra (labeled from a to h) indicate the different organic groups (labeled

from a to h) on the chemical structure.

3.3 Methods

3.3.1 Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) was performed using a Q-1000 differential scanning
calorimeter (TA Instruments). All the samples were dried in a vacuum oven for several days in
order to remove remaining solvent and moisture, and subsequently sealed in hermetic aluminum
pans. Scans were performed with a rate of 10 K/min. For associating polymers with PPG backbone,
the temperature range is from 150 K to 350 K. For associating polymers with PPG backbone, the
temperature range is from 113 K to 376 K. Before the first run, each sample was equilibrated at
the highest temperature for 5 minutes. Two subsequent cooling and heating cycles were conducted
to verify reproducibility and to eliminate the thermal history. The glass transition temperature (Tg)

was determined from the middle point of the respective step in the heat flow.
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Figure 3.3(a) Synthesis of carboxylic acid-terminated polypropylene glycol (PPG-COOH) from
amine-terminated polypropylene glycol (PPG-NH>). (b) *H NMR spectra of PPG-COOH.
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3.3.2 Broadband dielectric spectroscopy (BDS)
Broadband dielectric spectroscopy (BDS) measurements were conducted with an Alpha-A
impedance analyzer connected to a Quatro Cryosystem temperature controller (both from
Novocontrol) in a frequency range from 102 — 10 Hz. Thermalized in a dry nitrogen flow, the
maximum permitted deviation in temperature was 0.2 K with an equilibration time of at least 10
minutes before recording each spectrum. Prior to the measurement, each sample was dried
according to the sample protocol described for DSC measurements. All PPG associating
polymers were prepared in a parallel-plate dielectric cell made of sapphire and invar steel
particularly designed for the investigation of liquids®®. The electrodes of the cell have a diameter
of 12 mm and a separation of 49 um; the capacity of the empty cell is 20 pF. The PDMS
associating polymer were measured in a capacitor composed of two gold-plated electrodes of

20 mm diameter separated by a Teflon spacer of 34.4 um thickness.

3.3.3 Rheology
Small amplitude oscillatory shear (SAOS) measurements were conducted with the strain-
controlled mode of an AR2000ex rheometer (TA Instruments) in the angular frequency range of
102-10' rad/s utilizing a parallel plate geometry. Plate diameters of 4 and 8 mm were employed
depending on the magnitude of the shear modulus. The gap distance between the top and bottom
plate was approximately 500 um and kept constant throughout the temperature range. Prior to the
measurement each sample was dried as described for the DSC measurements. A strain sweep was

conducted before each spectral sweep to determine the appropriate strain keeping the SAOS in the
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linear regime. Before each scan, the samples were thermally equilibrated for 10 minutes, the
maximum permitted temperature deviation was 0.2 K.

Zero shear viscosity measurements were performed with the same AR2000ex rheometer. The
measurements were conducted with parallel plates of 8 mm diameter and a distance of ~800 pm.
For temperatures at which the viscosity was low, i.e. n, < 10° Pa.s, the viscosity was determined
by continuous ramp measurements with a shear rate ranging from 0.002s? to 0.1s*. For
temperatures at which the viscosity was high, i.e. n, > 10° Pa.s, the viscosity was determined from

creep test with the shear stress ranging from 5 Pa to 40 Pa.

3.4 Results

3.4.1 Differential scanning calorimetry
DSC measurements were conducted on all associating polymers to acquire the glass transition
temperatures (Tg) that are listed in Table 3.2. From the table, we observed that: For PDMS
associating polymers, Tq is dependent strongly on the chain length of backbone with no significant
dependence on the functional groups. While for PPG associating polymers, Tg4 indeed depends on
the type of functional group. With NH functional group, T4 depends little on the chain length of
the backbone. With COOH functional group, T4 depends strongly on the chain length of the

backbone.
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Table 3.2 Degree of polymerization DP, total number-averaged MW M including end-groups, as
well as main chain Mn (excluding end-groups), number of Kuhn segments N, and glass transition
temperature T of the studied polymers.

Polymer DP | Mn [g/mol] | Mn [g/mol] | N | Tq (DSC)
(total) (main chain)
PPG-NH:-6 6 480 348 | 3 194
PPG-NH-33 33 2046 1914 | 17 199
PPG-NH-67 67 4018 3886 | 35 199
PPG-COOH-6 6 680 348 | 3 246
PPG-COOH-33 33 2246 1914 | 17 218
PPG-COOH-67 67 4218 3886 | 35 207
PDMS-NH,-22 22 1738 1622 | 7 153
PDMS-NH2-50 50 3816 3700 | 16 150
PDMS-NH»-74 74 5592 5476 | 23 149
PDMS-S-COOH-13 | 13 1228 962 | 4 168
PDMS-S-COOH-83 | 83 6408 6142 | 26 149
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3.4.2 Dielectric spectroscopy
3.4.2.1  Dielectric derivative analysis results for telechelic associating
polymers with PPG backbone

We did not initially see clearly the a* process from &" spectra for PPG-NH.. This was likely
related to a rather weak change of the dipole moment for NH. dissociation in the PPG matrix.
We then attempted derivative analysis on this kind of associating polymer. Through the
derivative analysis, it does not shift the peaks positions, but make them narrower. Thus, it helps
to resolve the strongly overlapping peaks. In Fig. 3.4, the &" spectra and &,,,- Spectra were
compared at different temperatures. Both a process and the normal mode process (marked by the
dashed and dotted lines) have the same peak position in &" spectra and &4, Spectra. The €;,,
spectra of PPG-NH; with DP of 6 and 67 exhibit the o*- relaxation as a shoulder of the a-
relaxation and normal mode peak, respectively (Fig. 3.4 a and c). A sum of three Havriliak-
Negami (HN) functions modified for the €/, spectra was used to fit these datasets in order to
extract the characteristic relaxation times. However, in PPG-NH: with a DP of 33 (Fig. 3.4b), the
a*-relaxation could probably not be resolved since it is expected to be located close to the

normal mode peak.

In terms of PPG-COOH with DP of 6, dielectric derivative analysis also exhibits the a-relaxation
peak which is not directly visible in &" spectra. Thus, through the dielectric derivative analysis, T,
and t,, at different temperatures for all telechelic associating polymers with PPG backbone have

been successfully acquired.
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Figure 3.4 €’ger and €” spectra of PPG-NH2 with DP of (a) 6, (b) 33, (c) 67 at different
temperatures as indicated. The solid lines are fits to HN functions; the dotted and dashed vertical
lines indicate the position of the a-relaxation and normal mode, respectively, for the spectrum at
higher temperature; the vertical arrows highlight the position of the a*-relaxation where it can be
detected. The horizontal double-arrow approximates the separation between a- and o*-
relaxation.
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3.4.2.2  BDS measurement result for PDMS-S-COOH
PDMS-S-COOH with DP of 13 and 83 were studied. The acquired " spectra are analogous to
those for PDMS-NH> associating polymers (Fig. 3.5). A second dielectric relaxation process is
clearly visible for both samples. The second process is separated by 2-3 orders in frequency from
the a process. In addition, the second process exhibits a dielectric strength which scales inversely
with DP of PDMS backbone. This clearly indicates that the dielectric process is associated with
the functional group. Here we assumed that the process originates from bond dissociation, and we
ascribe it to a*-relaxation. Conductivity contribution can be seen at low frequencies in PDMS-S-
COOH with DP of 13 at high T, whereas there is no such contribution in PDMS-S-COOH with
DP of 83. Instead, a third dielectric process can be seen in PDMS-S-COOH with DP of 83. The
assignment of the third relaxation process is unclear and yet to be determined. It might reflect some
supramolecular network, which is similar to the Debye-like process in mono-hydroxyl alcohol**2.
Using these BDS measurements of PDMS-S-COOH, 7, and t; at different temperatures have

been estimated.

3.4.3 Rheology
The shear modulus master curves and their shifting factor for PPG-NH2 with DP of 6, 67 and
PDMS-S-COOH with DP of 13, 83 are shown in Fig. 3.6. Two relaxation processes are visible in
the shear modulus spectra of these telechelic associating polymers. The first process occurs at high
frequencies exhibits storage modulus values between 0.1 and 1 GPa; it is assigned to the segmental

relaxation. The peak position of G” is used to determine the corresponding segmental relaxation
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log(7 [Hz])

Figure 3.5 £” spectra of PDMS-S-COOH with DP of (a) 13 and (b) 83 at different temperatures.
The dielectric contributions form o process, a* process and the third process are illustrated in
Fig. 3.5b. The inset shows the dielectric strength of a* process as a function of 100/DP.
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Figure 3.6 Shear modulus master curve of PPG-NH. with DP of (a) 6, (b) 67 and PDMS-S-
COOH with DP of (c) 13, (d) 83. Their shifting factors are shown in (e) and (f), respectively.
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time. The second process appears at lower frequencies. At even lower frequencies, the slopes of
2 and 1 can be seen for G’ and G” in double-logarithmic scale. Thus, the second process is
ascribed to the terminal relaxation process. As a result, T for all the associating polymers can be
acquired through the fitting method mentioned in Chapter 2 (eg. 2.20 and eq. 2.21). In Fig. 3.6,
T acquired from the shear modulus spectra have been labeled as 7,. 7.(T) at different

temperatures can be calculated using the shift factor:

_ T (Tre )
(1) = =78 (3.3)

The shear modulus master curves for PDMS-NH> and their shift factor are shown in Fig. 3.7.
PDMS-NH: encounters crystallization at high temperature. Thus, part of the master curve was
cut and does not show the final terminal flow very clearly. Despite this fact, we still acquired 7.
from the master curves, as is shown by the left vertical dashed line in Fig. 3.7. 7-(T) can be
calculated through the shifting factor as well. Thus, 7. (T) at different temperatures has been

acquired for all telechelic associating polymers involved in the dissertation research.

3.5 Discussion
3.5.1 Activation energy of the transient hydrogen bond with binary association
The activation energy needs to be calculated by taking the segmental relaxation into
consideration. In the activation plot (Fig. 3.8), 7, (T) have been fit to the Vogel-Fulcher—
Tammann (VFT) equation33-13 which is applied to describe the temperature dependence of the

segmental motion:
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Figure 3.7 Shear modulus master curve for telechelic PDMS-NH. with DP of (a) 22, (b) 50 and
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Figure 3.8 Activation plot for PPG-NH2 with DP of (a) 6, (b) 67; PPG-COOH with DP of (c) 6,
(d) 33, (e) 67; PDMS-NH2 with DP of (f) 22, (g) 50, (h) 74; PDMS-S-COOH with DP of (i) 13,
(j) 83. In each activation plot, the solid line indicates the VFT fit for 1,(T). The dashed line
indicates fit through eq. 3.5. The dotted line indicates the fit through eq. 3.11. The crossover
indicates the T4 measured by DSC.
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7a(T) = Toexp (=) (34)

Here 7, is a limiting relaxation time and B and T,, are material dependent parameters. During the
fitting process, 74, B and T, were set to be free parameters. The VFT fit shows perfect agreement
with measured 7, (T) (Fig. 3.8). In addition, if we extrapolate the VFT fit to 100s for each
associating polymers, the correspondent temperature matches the Tq in the DSC measurements
(Table 4.1 and Figure 3.8). This justifies assignment of the process in the dielectric

measurements to the « relaxation (segmental relaxation).

Following these measurements, we utilized the equation which is derived from eq. 1.1 to fit

7,,(T), which is
T(T) = Ta(T) exp (%) = Toexp (op +22) (35)

In this fitting process, t,, B and T, is fixed to the same parameter as was achieved from the VFT
fitting process for 7, (T), and E, is the only free fit parameter. This fitting is in good agreement

with the measured 7, (T) (Fig. 3.8).

The obtained VFT fitting parameters for the segmental motion (logzo, B and T), as well as the
activation energy for transient bond dissociation are shown in Table 3.3. The activation energy
for the studied associating polymer ranges from 6 kJ/mol to 9kJ/mol. That is a reasonable
hydrogen bond dissociation energy for NH2 and COOH. In addition, the estimated E, for the
studied associating polymers is below or comparable to 2 kzTInN. According to the Bond
Lifetime Renormalization model mentioned in Chapter 1, the bond dissociation energy for NH;

and COOH is in the intermediate bond dissociation energy regime. In such case, bond lifetime
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Table 3.3 VFT fitting parameters (logto, B and To) of the a-relaxation, transient bond activation
energies Ea and the value of 2ksTInN for all proposed telechelic associating polymers

Sample log(wo [S]) | B [K] | To [K] | Ea[kd/mol] | 2 kgTInN [kJ/mol]

PPG-NH2-6 -13.2 1128 | 160 5.8+0.1 3.9
PPG-NH»-67 -12.8 1022 | 170 8.1+0.1 12.9
PPG-COOH-6 -9.9 633 | 223 8.4+0.2 4.8
PPG-COOH-33 -12.6 1129 | 180 8.5+0.1 11.2
PPG-COOH-67 -13.9 1302 | 169 7.3£0.1 13.4
PDMS-NH»-22 -12.1 516 135 9.1+0.2 5.6
PDMS-NH2-50 -13.5 657 129 7.6£0.3 7.8
PDMS-NH-74 -13.8 688 127 8.3x0.2 8.8
PDMS-S-COOH-13 -11.5 700 147 8.210.4 4.3
PDMS-S-COOH-83 -13.6 679 128 8.1+0.2 9.2
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renormalization model can be applied to understand the mechanism of bond rearrangement.

3.5.2 Experimental test of the bond lifetime renormalization model
In the activation plot (Fig. 3.8), the separation of t,(T) and 7 (T) happens in all associating
polymers throughout the presented research, showing that 7. (T) can provide an additional
contribution beyond the bond dissociation energy. The separation between 7, (T) and t(T)
becomes increasingly prominent with increase in DP, i.e., with a larger number of Kuhn

segments N. If we neglect the temperature dependence and just consider the ratio i—c averaged
a

over the available temperature range, the data shows a clear trend of an increasing ratio i—c with
a

the increase in the number of Kuhn segments (N) from less than a half decade to about 4 decades
(Fig. 3.9a). In addition, we took the random walk exponent x, as is mentioned by Gold et al.*,
into consideration while analyzing the data using the bond lifetime renormalization model. The

derivation of the fitting function for the telechelic associating polymers is presented below.

For telechelic associating polymers with N Kuhn segments, the total concentration of sticky

groups is expressed as
Ct = 3y (3.6)

Based on eq. 1.24, the concentration of the open sticky group at equilibrium state can be

calculated as

1 Eq
Copen = mexp (- ﬁ) (3.7)
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Figure 3.9 (a) Ratio as a function of number of Kuhn segments (N) of the main chain. (b)
Random walk exponent x as a function of N. The dotted and dashed lines indicate Rouse (x=0.5)
and reptation (x=0.25) dynamics, respectively. (¢) Number of returns J as a function of N. The

dashed and dotted lines are

to eq. 3.10 for reptation (x =

the predictions of the bond lifetime renormalization model according
0.25) and Rouse (x = 0.5) dynamics, respectively, using an

activation energy of Ex= 8 kJ/mol and a temperature of T = 200 K.
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in which E, is the activation energy acquired from the dielectric measurement.

The distance between open stickers is calculated as

1
Topen = (Copen) = bWexp (E_a) (3.8)

6RT

Then based on the diffusion function (eq. 1.31), 74, Can be calculated as

Topen = Ta (rop%); (3.9)

Based on eq. 1.30, the number of returns can be calculated as

Topen

] = e = [Nexp (%)](31 2 (3.10)

b

Thus, the normalized bond lifetime, namely 7.(T), can be expressed and fit as

renm * = Eq - Eq
1c(T) = "™ (T) = J14(T) + Topen = To(T)N3x exp (3xRT) [N z exp (%) + 1] (3.11)

To verify whether the experimentally observed separation between rheological and dielectric
relaxation times can be explained by the bond lifetime renormalization model, 7.(T) was fit to
the eq. 3.11 with fixed 7, (T) and fixed E,. The only free fitting parameter is the random walk
exponent x. The random walk exponent x, obtained from the fit, exhibits a pronounced
dependence on the chain length (Fig. 3.9b): in PPG-COOH with a DP of 6, one of the shortest
investigated chains, it has a value of 0.49 which indicates Rouse dynamics. This decreases with
an increasing number of Kuhn segments until it reaches 0.23 in PDMS-S-COOH-83, the longest

investigated polymer. The latter value is close to 0.25, characteristic of reptation dynamics®3®.
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The decrease of the value x reflects a transition from Rouse dynamics to Reptation dynamics

with an increase in the chain length.

With the values of E, and x obtained, the number of returns J can be calculated through eq. 3.10.
With a molecular weight increase from 400 to 6000, J increases from ~3 to ~ 10* (Fig. 3.9c).
These results clearly demonstrate that the number of returns dominates the prominent separation
of the bond dissociation and bond rearrangement times. The tremendous increase was explained
by what would be expected in the theory scaling, which was calculated through eg. 3.10 by
assuming x=0.5 and x=0.25 for Rouse and Reptation dynamics. In addition, the calculation
assumes the activation energy to Ea= 8 kJ/mol and a temperature of T = 200 K. The calculation is
shown in Fig. 3.9¢, which predicts the scaling J to be J ~ N/¢ for the Rouse dynamics and on
the other hand, ] ~ N5/¢ in the reptation dynamics. However, this can be explained by a
transition between the two regimes in which the prefactor also increases from [E,/(6RT)] to

exp[5E,/(6RT)].

The reptation dynamics is expected to occur in entangled polymer. However, all the associating
polymers in this study are lower than the entanglement molecular weight. One of the reasons for
the reptation dynamic of the chain end might be that a super-chain has formed in the system. To

verify this idea, we measured zero-shear viscosity of the material.

In the Rouse regime, the zero-shear viscosity varies linearly with chain length*®’. Hence, an
effective molecular weight of the formed chain can be estimated based on the Ty-scaled zero-
shear viscosity of a telechelic associating polymer (n,) and its non-associating counterpart

(Mnonas) With the molecular weight of My, i.e.,
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Myerf = —%—M,, (3.12)

Nnonas

The number of chains effectively connected together can be calculated as

Mwe as
N(n) = =<t = ! (3.13)

Nnonas

Indeed, after being scaled by Tg, the zero-shear viscosity of the associating polymer is always
several times larger than its non-associating counterparts (Fig. 3.10), indicating a longer effective
super-chain. The number of chains effectively linking together for different associating polymer
is shown in Table 3.4. For most of the materials, the effective molecular weight of the super-
chain is still below M.; with the exception of PPG-NH. with DP of 67, PPG-COOH with DP of
33 and DP of 67, and PDMS-S-COOH with DP of 83 where it is larger (Table 3.4). These
samples also exhibit the smallest values of x (Fig. 3.9b) indicating reptation-like (entangled)
dynamics. Thus, the transition from Rouse-like dynamics to reptation-like dynamics observed
from the fit of experimental data to the bond lifetime renormalization model seems to be justified

by the formation of supramolecular structures.

3.6 Conclusion
Telechelic PDMS and PPG of different molecular weight with two kinds of end groups (amide
and carboxylic acid) were investigated by dielectric spectroscopy and linear shear rheology. The
former method reveals the segmental motion as well as the dissociation process of the end
groups, i.e. the a*-relaxation which is several orders of magnitude slower. In order to estimate

the bond dissociation energy, t;, needs to be normalized by t,. From the shear modulus spectra,
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Figure 3.10 Zero-shear viscosity vs. Tg-scaled inverse temperature of (a) PDMS-NH> and
PDMS-H, (b) PDMS-S-COOH and PDMS-H, (¢) PPG-NH2 and PPG-CHj3, and (d) PPG-COOH
and PPG-CH3 of different DP as indicated by numbers.

Table 3.4 Effective super-chain molecular weight (Mweff) and Association number N(n) of each
associating polymer

Polymer My, e [kg/mol] N(#)
PPG-NH:-6 0.7 14
PPG-NH,-33 2.9 14
PPG-NH2-67 19.4 4.8
PPG-COOH-6 4.4 6.5
PPG-COOH-33 18.7 8.3
PPG-COQOH-67 8.8 2.1
PDMS-NH»-22 8.2 4.7
PDMS-NH2-50 7.8 2.0
PDMS-NH-74 9.5 1.8
PDMS-S-COOH-13 3.6 2.9
PDMS-S-COOH-83 21.4 3.3
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we found a terminal relaxation which indicates macroscopic flow in the system. Nevertheless, its
characteristic time 7. is much longer than both the terminal relaxation expected for chains of that
length as well as the bond dissociation time t,, deduced from the dielectric spectroscopy. Such a
disagreement of bond dissociation time and stress relaxation is predicted by the bond lifetime
renormalization model*, which can be expanded by setting the random walk exponent x to be a

free parameter®.

Our detailed analysis demonstrated good agreement of the experimental data with the predictions
of the bond lifetime renormalization model. The terminal relaxation time appears to be close to the
dissociation time in case of strong interactions (short chains), and the difference of these two times
increases strongly with MW. These results agree well with the model predictions assuming a
transition to reptation-like dynamics even for the case that polymer backbone MW lower than the
entanglement molecular weight (Me). This indicates the formation of super-chains. An analysis of
the viscosity measurement indeed revealed the formation of such super-chains for the samples in
which the random walk exponent x ~ 0.25 (indicative for the reptation dynamics) was found. We
would like to emphasize that a more thorough quantitative test of the bond lifetime renormalization

model requires independent measurements of the exponent x and the number of returns J.
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CHAPTER 4 EXPERIMENTAL TEST OF BOND

LIFETIME RENORMALIZATION MODEL IN CASE

OF HIGH BOND DISSOCIATION ENERGY

4.1 Introduction
Lifetime of dynamic bonds is one of the key factors controlling the viscoelastic properties and
self-healing kinetics of associating polymers. If the timescale is shorter than the lifetime of the
transient bonds, the network persists, whereas at longer timescales, dynamic bonds dissociate,
and polymer chains become free to move leading to network rearrangement. In Chapter 3, we
described that well-defined telechelic polymeric systems with hydrogen bonded functional
groups indicate that the timescale of the network rearrangement and bond-dissociation timescale
measured by dielectric spectroscopy are not the same. This discrepancy has been explained by
bond lifetime renormalization model*4. Based on this model, the above-mentioned timescale
difference arises because dissociated sticker can reassociate with its original partner several time
before attaching to a new partner. However, these systems fall into the intermediate dissociation
energy category of the stickers, ke TINN < Ea < 2kgTInN, where N denotes the number of Kuhn
segments and Ea denotes the dissociation energy of the sticker. In this regime of dissociation
energy, the bond lifetime is relatively short and as a result, there are plenty of open stickers in the
volume pervaded by the dangling chain. Open stickers follow a compact space exploration via
sub-diffusive Rouse motion resulting in the bond formation with the same partner repeatedly. In

other words, the diffusion time to find another sticker is the major limiting time of network
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rearrangement. On the other hand, this situation changes when the interaction energy Ea >
2ksTInN. With higher bond strength, most of the stickers are in a bonded state for a much longer
time and equilibrium concentration of open stickers are very low. In such case, sticker diffusion
time is much faster than the bond dissociation time so that the bond dissociation time becomes
the determinant factor. Thus, bond lifetime renormalization model predicts the same bond
dissociation time and network rearrangement time. However, this model prediction has not been

experimentally tested yet.

In this study, we tested the bond lifetime renormalization model with much higher bond
dissociation energy (Ea > 2ksTInN) through the urea functionalized telechelic PDMS (PDMS-U).
Indeed, the comparison of the dielectric and rheology data revealed that characteristic relaxation
time for bond dissociation and terminal relaxation are the same for urea functionalized telechelic
PDMS, verifying the model prediction. In addition, rheological measurement indicates the
formation of a supramolecular chain in these polymers, which is much longer than that
mentioned in Chapter 3 for systems with intermediate dissociation energy. Moreover, an
interesting Debye-like process is found for the bond dissociation process in the dielectric spectra

of PDMS-U samples.

4.2 Materials
PDMS-U was synthesized from PDMS-NH with DP 22 and DP 50, which was mentioned in
Chapter 4, and react with ethyl isocyanate. The synthesis route is shown in Fig. 4.1a. *H NMR
results are shown in Fig. 4.1b. The peaks in the NMR spectra (labeled from a to f) indicate the

different organic groups (labeled from a to f) on the chemical structure. The degree of
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Figure 4.1(a) Synthesis of single urea terminated polydimethylsiloxane (PDMS-U) from amine-
terminated polydimethylsiloxane (PPG-NH,). (b) *H NMR spectra of PDMS-U.
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polymerization, number of Kuhn segments and the actual molecular weight for each PDMS-U

associating polymer is shown in the Table 4.1.

4.3 Methods

4.3.1 Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) measurements was employed to probe the glass
transition temperature (Tg) of PDMS-U using a Q2500 DSC equipment from TA Instruments.
The samples were dried in a vacuum oven at 333 K overnight before being placed into DSC
pans. The samples were first equilibrated isothermally at 373 K for 5 minutes to remove the
thermal history before being quenched to 113 K (to avoid crystallization). After equilibration for
5 minutes, the samples were heated up to 323 K with a rate of 10 K/min. This procedure was

repeated twice for each sample to ensure repeatability.

4.3.2 Broadband Dielectric Spectroscopy (BDS)
Broadband Dielectric Spectroscopy (BDS) in the frequency range from 1072 to 10° Hz were
measured utilizing a Novocontrol system that includes an Alpha-A impedance analyzer and a
Quatro Cryosystem temperature control unit. DP 19 and DP 50 PDMS-U were placed into a
parallel-plate dielectric cell made of sapphire and invar steel with an electrode diameter of 10
mm, and capacitance 3.3 pF with an electrode separation of 210 um. To prevent crystallization,

all samples were quenched from room temperature to about 113 K and reheated to 10 K below
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Table 4.1 The degree of polymerization (DP), number of Kuhn segments (N) and the actual
molecular weight (M) for each PDMS-U associating polymer

Material DP N Mhn [g/mol]
PDMS-U-22 22 7 1744
PDMS-U-50 50 16 3816
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the T4 before the measurements. All the spectra were measured on heating. After each
temperature increase, the samples were equilibrated for 10 min to reach thermal stabilization

within 0.1 K.

4.3.3 Shear rheology

Small amplitude oscillatory shear (SAOS) measurements were conducted with the strain-

controlled mode of an AR2000ex rheometer (TA Instruments) in the angular frequency range of
102-10! rad s utilizing a parallel plate geometry. Plate diameters of 4 and 8 mm were employed
depending on the magnitude of the shear modulus. The gap distance between the top and bottom
plate was approximately 500 um and kept constant throughout the temperature range. Prior to the
measurement, each sample was dried as described for the DSC measurements. A strain sweep
was conducted before each frequency sweep to determine the appropriate strain keeping the
SAOS in the linear regime. Before each frequency sweep, the samples were thermally

equilibrated for 10 minutes, the maximum permitted temperature deviation was 0.2 K.

4.4 Results

4.4.1 Differential Scanning Calorimeters (DSC)
DSC investigation of PDMS-U showed a single step in the heat flow curve (Fig. 4.2), indicating

the glass transition of PDMS segments. The T4 of the PDMS-U (DP 22) is labeled in Fig. 4.2.
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Figure 4.2 Heat flow curves of the telechelic PDMS-U DP22 sample in DSC measurements.
Solid lines indicate the T4 of the PDMS matrix.
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4.4.2 Broadband Dielectric Spectroscopy
Two dielectric processes were observed for PDMS-U samples. The process which appears at low
temperatures is related to the segmental dynamics (also termed as a-relaxation) (Fig. 4.3a for DP
22 sample and Fig. 4.3c for DP 50 sample), and the process observed at higher temperatures
might originate from the binary interaction of the sticky groups, indicated as a*-process
(Fig.4.3b). For DP 22 sample and Fig. 4.3d for DP 50 sample). To fit the loss spectra and
analyzing the relaxation timescales of these processes, Havrilliak-Negami (HN) function was

used:

n
" Agy .
g"(v) =—-Im + i1
Zk=1 {[H(zmurwk)ﬁk]yk} 2mve, (4.1)

Here ¢, is the vacuum permittivity, Ae; denotes the dielectric relaxation strength, 8, and y;

represent the shape parameters, and 7, is HN relaxation time, k indicates number of processes.
The second term in eq. 4.1 considers the conductivity (o) contribution to the loss spectra at
higher temperatures. One interesting observation is that the shape of high temperature process
has Debye type (8 = y = 1) (Fig. 4.3e), which is prevalent in monohydroxy alcohols and some

secondary amides.

This high temperature process only exists with urea groups. In addition, the comparison of the
dielectric strength (Fig. 4.4) of the high temperature process in PDMS-U indicates that the
dielectric strength from DP 22 sample is ~ 2 times higher than that from DP 50 sample. This
verifies that the high temperature process is a*-relaxation process which indicates the urea group
dissociation since the density of the associating stickers is almost 2 times higher in the DP 22

sample.
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Figure 4.3 Dielectric loss spectra of PDMS-U sample with DP 22 for (a) segmental or a-
relaxation regime at low temperatures (b) binary association regime at higher temperatures.
Dielectric loss spectra for PDMS-U DP 50 sample (c) in the segmental relaxation regime and (d)
binary interaction regime. (e) Representative spectra of the binary association process at 223K
for PDMS-U with HN fit (red) line. The peak in dashed line is of Debye-like.
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Figure 4.4 The comparison of the dielectric strength of the a*-relaxation process for PDMS-U
with DP 22 (black) and DP 50 (blue). The arrow indicates higher dielectric strength for DP 22
sample comparing with DP 50 sample. The solid lines are guide for the eye only.
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The relationship between the relaxation time corresponding to the peak position (,,,4,) With Ty

is as follows:

1 1
Tmax = THN [sin (Zi—;)]_E [sin (%)]E 4.2)

Tmax 18 usually used as the characteristic relaxation time for both a and a*-relaxation process

acquired from dielectric spectroscopy, namely 7, and 7. From the temperature dependence of

7, and t, (Fig. 4.5), it is possible to estimate the activation energy E, required to dissociate the

urea bond. The same method used in the last chapter was used here to estimate the bond

dissociation energy, i.e., 7,(T) have been fit through the Vogel- Fulcher—Tammann (VFT)

equation (eq. 4.3) and 7 (T) has been analyzed by taking the segmental relaxation process into

account (eq. 4.4):

(1) = Toexp (=) (4.3)

. Eq B Eq
74(T) = 74(T) exp (E) = Toexp (7 + 7p) (4.4)

The values of the VFT fitting parameters (including 7, B and To) and activation energies of a*-
processes in the investigated PDMS-U samples are shown in Table 4.2. In addition, if we
extrapolate the VFT fit to 100s for DP 22 PDMS-U, the correspondent temperature matches the
Tg in the DSC measurements (Figure 4.5a). This justifies assignment of the low temperature

process in the dielectric measurements to the a relaxation (segmental relaxation).

For both PDMS-U samples, E, is approximately ~30 kJ/mol (Table 4.2), which is similar to the

reported dissociation energy for urazole functionalized entangled polyisoprene samples (28
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Figure 4.5 Temperature dependence of the segmental relaxation process (red), a*-relaxation
process (blue) for PDMS-U sample with (a) DP 22 and (b) DP 50. The crossover indicates the Tq
measured by DSC.
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Table 4.2 VFT fitting parameters (logto, B and To) of the a-relaxation, Transient bond activation
energies Ea and the value of 2ksTInN for PDMS-U samples.

Sample log(o [S]) B [K] To [K] E, (kJimol) | 2kgTInN (kJ/mol)
PDMS-U-22 -12.3 571 136 28.510.1 5.6
PDMS-U-50 -13.2 634 130 34.6+0.4 7.7
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kJ/mol)* (Fig. 4.6a). The dynamic bonds formed by both Urazole and Urea consists of 2

hydrogen bonds (Fig. 4.6), implying that they should have the similar bond dissociation energy.

4.4.3 Shear rheology
Assuming time-temperature superposition, master curves are created by horizontal shifting of
shear modulus spectra measured at several temperatures (Fig. 4.7a). The shifting factor is shown
in Fig. 4.7b. The process at high frequency corresponds to the segmental relaxation (storage
modulus ~ 1 GPa). At the lowest frequencies, an additional process appears with the distinctive
slopes of 2 and 1 in G” and G” (in double-logarithmic representation) respectively. This is a
typical terminal relaxation process, which indicates macroscopic network rearrangement in the
system. The characteristic time for the terminal relaxation (z.) is estimated based on the
crossover of G” and G”. In addition, we observed a rubbery plateau between these two processes
with the modulus value ~1 MPa, which is unusual for polymer with molecular weight lower than
the entangled molecular weight. This indicates the formation of a long chain supramolecular
polymer which is associated via transient hydrogen bonds between functional urea moieties. To
estimate the length of these supramolecular chains, zero shear viscosities for both DP 22 and DP
50 were compared with the non-associating polymer chains (Fig. 4.7¢). The viscosity
measurement result was normalized by Tg of these 2 associating polymers. Results indicate that
after the temperature was normalized by Ty, two associating polymer samples have the identical
viscosity vs Tg/T, which is much higher than the viscosity of the non-associating counterpart.
This demonstrates that the overall viscosity of these associating polymers is only governed by

Tg, implying that they have the same effective chain length which is much higher than that of a
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(a) Urazole (b) Urea

Figure 4.6 Comparison of hydrogen bond formed by (a) Urazole groups and (b) urea groups.
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Figure 4.7(a) Shear modulus master curves for PDMS-U sample with DP 50 (blue) and DP 22
(black) against the radial frequency at a reference temperature of 183K. The solid symbols
correspond to G’, while the open symbols indicate the G spectra. The plateau modulus level,
GeL, are shown with the solid lines. (b) Temperature dependence of horizontal shifting factor for
both DP 50 (blue) and DP 22 (black) samples. (c) Zero-shear viscosity vs. Tg-scaled inverse
temperature of PDMS-U (DP 22) (red), PDMS-U (DP 50) (blue) with its non-associated
counterpart PDMS-H (black).
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single associating polymer chain.

4.5 Discussion
To compare rheological and dielectric spectra, the latter should be converted form dielectric

permittivity £*(w) to the dielectric modulus M* (w)*8 1*°:

1
& (w

M*(w) =

;= M (w) +iM" (w) (4.5)

As an example in PDMS-U (DP 22) at 238K, M” spectra exhibit an additional dielectric process
at lower frequencies (Fig. 4.8) which originates from conductivity relaxation (z,)*% 1. We also
noticed that the timescale of a* relaxation process from M” (T,+_y,) is faster than that from &”
spectra (t,+). This is expected, as the relationship between characteristic relaxation time from

M” spectra (7)) and £” spectra (t) can be expressed by!42:

Ty = Einf T, (4.6)

Es

in which &, and &;,,¢ indicates the dielectric constant in the limit of high and low frequencies.

Thus, T4y, is shorter than T+, as was already emphasized in*?" 143,

In dielectric modulus spectra, the a* process has also Debye-like shape. To acquire the
characteristic relaxation time, the M” spectra were fit based on two Debye-like process, one for

a* relaxation process, the other for conductivity relaxation process:

M (v) = Im{ AM AMy }

1+2mivTye_py  1+2mivts

4.7)
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Figure 4.8 Comparison of €” spectra and M” spectra for PDMS-U with DP 22 in which tex, Taxm
and t, are labeled.
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in which AM,,-, AM,; are the “modulus strength” of a*-relaxation process and conductivity
process. T,+_p, T, are the characteristic relaxation time for a*-relaxation process and the
conductivity relaxation process from dielectric modulus. As is shown in the activation plot,
T,+_m Matches very well with 7. from rheological measurement (Fig. 4.9). As shown in Table
4.2, for PDMS-U sample, the activation energy of the bond dissociation is substantially higher
(~30 kJ/mol) than the associating polymer sample (~8 kJ/mol) mentioned in Chapter 3. Based on
the obtained values of E,, we can relate the bond strength regime for each sample considering
the criterion introduced by the bond-lifetime renormalization model. The strong binary
interaction regime (E,>2kzTInN) is observed for both PDMS-U samples. According to this
criterion, the bond lifetime renormalization model predicts the equivalence of the timescale of
bond dissociation and network rearrangement, i.e., T.~t,+, Which is indeed confirmed in our
experiment based on the comparison of the timescales from dielectric modulus and rheological
terminal relaxation timescales. Rheological measurements of the investigated associating
polymers also show a rubbery plateau level in their shear modulus master curves. Usually,
rubbery regime is observed for the entangled polymer system. For linear PDMS, the entangled
molecular weight is ~ 10 kg/mol. However, all our investigated samples are below that threshold
value. This indicates that these polymers form effective superlong polymer chains, as was
mentioned in Chapter 3. From the viscosity measurements (Fig. 4.7c¢), it was observed that the
viscosity of both PDMS-U DP 22 and PDMS-U DP 50 is almost 3200 times higher than its non-
associating counterpart. The separation is much bigger that that mentioned in Chapter 3. This is
reasonable because the interaction strength as well as the timescale of the interaction is much

higher in urea functionalized sample than the samples studied in the Chapter 3. Based on these
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Figure 4.9 Temperature dependence of the segmental relaxation (black), a* relaxation from
dielectric modulus (green) and terminal relaxation process (red) for PDMS-U sample with (a) DP
22 and (b) DP 50.
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measurements, we found that due to the long-lifetime of the urea groups, PDMS-U DP 22
sample and PDMS-U DP 50 sample form supramolecular chain. The effective molecular weight
is calculated based on the zero-shear viscosity. For polymers, the relationship between zero-shear

viscosity and molecular weight is expressed as*°:

{ no~M (M < 2M,) 4.8)

no~M3* (M > 2M,)

in which M, is the entanglement molecular weight. Based on the ratio of zero-shear viscosity
between these urea-terminated associating polymers and the non-associating counterpart, the
effective molecular weight of both associating polymers is ~ 101 kg/mol, meaning that the
number of chains effectively linking together is ~ 53 for DP 22 sample and ~26 for DP 50

sample.

The most intriguing feature of all the investigated associating polymers in this study is the
presence of the dielectric Debye-like relaxation process. The Debye relaxation demonstrates the
existence of only a single relaxation time, which prevails in hydrogen-bonding dissociation.
Previously, Xing et al. suggested that the Debye process originates from the brush-like
association of the short polymer chains, where the backbone of the brush is made of OH
dipoles?®. In addition, in a recent report based on the estimation of E, using FT-IR and dielectric
spectroscopy measurement, the authors concluded that the Debye process in 2-ethyl-1-heaxanol
is related to the association/dissociation process which is like the binary interaction in our
investigated samples'**. This is in accord with our finding for PDMS-U samples. Thus, we
believe that in our PDMS-U sample, this Debye process originates from the binary interaction of
the urea functional moiety. Because of the strong interaction energy of the functional groups, this
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timescale is closely related to the terminal relaxation of the transient supramolecular chain which

is also in agreement with the bond lifetime renormalization model.

4.6 Conclusions
In this study, we investigated dielectric and rheological properties of telechelic PDMS polymers
having hydrogen bonded functional groups with higher activation energy. We estimated the
activation energy of the bond dissociation in these systems using dielectric spectroscopy. Then,
we experimentally tested the bond lifetime renormalization model in the strong association
regime. The good matching of the timescale from bond dissociation and rheological terminal

relaxation agrees with the model prediction.

Rheological measurements indicate that the viscoelastic properties of the functionalized
polymers deviate considerably from their non-associating counterpart due to the formation of
supramolecular chains with much longer chain length. In addition, the investigated systems show
a unique relaxation peak when bond dissociation happens, which is of Debye shape. The
mechanism of how bond dissociation results in Debye-like peak will be investigated in the

future.
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CHAPTER 5 ORIGIN OF MECHANICAL

REINFORCEMENTS IN ASSOCIATING POLYMERS

WITH MICROPHASE SEPARATION

A version of this chapter was published in Macromolecules, by Sirui Ge, Subarna Samanta,
Martin Tress, Bingrui Li, Kunyue Xing, Philippe Dieudonné-George, Anne-Caroline Genix,
Peng-Fei Cao, Mark Dadmun, and Alexei P. Sokolov “Critical Role of the Interfacial Layer in

Associating Polymers with Microphase Separation” (Macromolecules 2021, 54, 4246—4256)

Alexei P. Sokolov formulated the concept and managed the entire project. Sirui Ge did most of
the rheology and dielectric measurement, as well as model analysis and wrote most of the
manuscript under the guidance of Alexei P. Sokolov and Subarna Samanta. Subarna Samanta
analyzed the dielectric spectra through the dielectric interfacial layer model. Bingrui Li
synthesized the PDMS-UU associating polymer. Kunyue Xing synthesized the PDMS-NHCO-
COOH associating polymer and did some preliminary measurements. Philippe Dieudonné-
George and Anne-Caroline Genix did X-ray scattering measurement. Martin Tress, Peng-Fei Cao

and Mark Dadmun provides the general guidance and supervision of the project.

5.1 Introduction
The simplest mode of functional group interaction in associating polymer is binary interaction, in

which two complementary functional groups associate together and the dynamics of the polymer
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is controlled by the lifetime of the associating bond. In case that functional groups and backbone
chains are immiscible*, the functional groups aggregate in clusters, resulting in a microphase
separation. Such microphase separation has been found in different kinds of associating
polymers e.g., in ionomers” *® or polymers with hydrogen bonding*, and even in some
vitrimers®® *°, The clusters of functional groups can form a solid phase in the polymer melt4®
147 "if their glass transition temperature Tg, or melting temperature Tr, are higher than Tg of the
polymer backbone. Characteristic structure and morphology of these clusters can also be tuned
with the architecture of the polymers®® 148, These microphase separated associating polymers

demonstrate unique viscoelastic behaviort453 which cannot be captured by the model

mentioned above. There is no detailed model description existing for these systems.

In heterogeneous polymeric systems, such as polymer nanocomposite, an interfacial polymer
layer with significantly different structural and dynamic properties from bulk polymer exists
around the solid nanoparticles®™* 1, In the past few years, Broadband Dielectric Spectroscopy
(BDS) has been applied to study the interfacial layer in polymer nanocomposites®-6% 72 156, 157,
Through model fitting analysis, the quantitative information, including the characteristic
relaxation time and thickness of the interfacial layer, can be estimated®® 157, A similar interfacial
layer also forms in associating polymers with microphase separation” 52, In ionomers, the
existence of the interfacial layer was confirmed by NMR®® and quasi-elastic neutron
scattering®®®, and was also characterized by BDS* 161, This interfacial layer changes rheological
properties, dramatically broadens the glass-to-rubber transition regime and changes the rubbery
plateau level®. Based on the rheological and dielectric measurements, an existence of the

interfacial layer formed around the cluster was also proposed?®. However, the interfacial layer in
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associating polymers has not been studied in detail, as was done in polymer nanocomposite

samples.

In this study, we employed small-angle X-ray scattering (SAXS), BDS and rheology to study
structure, segmental relaxation and viscoelastic properties of telechelic associating polymers
with poly(dimethyl siloxane) (PDMS) backbone and two different types of associating end
groups. Our previous studies revealed strong microphase separation in some of these polymers,
which is connected to an unusually high rubbery plateau modulus and demonstrated that their
viscosity is controlled by structural relaxation in the clusters of the end groups?® 162-164 There we
speculated that the high rubbery modulus might be explained by a higher modulus in the polymer
interfacial layer'4® 163, Here, we present a detailed analysis of the microstructure, the interfacial
layer volume fraction and thickness in these systems using approach developed for analysis of
the dielectric spectra in polymer nanocomposites. We demonstrate that the characteristic inter-
cluster distance is defined by the polymer chain length. The analysis of the BDS spectra confirms
the formation of an interfacial polymer layer with strongly restricted mobility surrounding these
clusters in all the samples. Moreover, this analysis provides estimates of the interfacial layer
thickness to be ~0.7-0.9 nm. Finally, we demonstrate that microphase separation of the
functional groups and formation of this interfacial layer drastically modify viscoelastic properties
of these materials with extremely broad and elevated rubbery plateau. Using the interfacial layer
thickness, we estimate that the modulus in the interfacial layer almost reaches glassy modulus

value.
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5.2 Materials
The polymer involved in this research is the 4-(propylamino)-4-oxobutanoic acid terminated
polydimethylsiloxane (PDMS-NHCO-COOH) and double-urea terminated polydimethylsiloxane
(PDMS-UU). Both of polymers were synthesized from the PDMS-NH2, which is a commercially

available telechelic associating polymer mentioned in Chapter 4.

5.2.1 Synthesis of PDMS-NHCO-COOH
PDMS-NHCO-COOH was synthesized from PDMS-NH> with DP of 13, 22, 50, 74 and react

with succinic acid. The synthesis route is shown in Fig. 5.1a.

The chemical structure is confirmed by *H NMR spectrum (Fig. 5.1b). The peaks in the NMR
spectra (labeled from a to g) indicate the different organic groups (labeled from a to g) on the

chemical structure.

5.2.2 Synthesis of PDMS-UU
To synthesize PDMS-UU, excessive hexamethylene diisocyanate (HDI) was reacted with
methylamine, resulting in one of the two cyanate (NCO) group on HDI being substituted by urea
group (forming ICMU). The excessive urea was removed. Then, PDMS-UU was synthesized
through the reaction of PDMS-NH: with DP of 50 and ICMU. The overall synthesis route is
shown in Fig. 5.2a. The chemical structure is confirmed by *H NMR measurement (Fig. 5.2b).
The peaks in the NMR spectra (labeled from a to f) indicate the different organic groups (labeled
from a to f) on the chemical structure.
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Figure 5.1 (a) Synthesis of 4-(propylamino)-4-oxobutanoic acid terminated
polydimethylsiloxane (PDMS-NHCO-COOH) from amine-terminated polydimethylsiloxane

(PDMS-NH>). (b) *H NMR spectra of PDMS-NHCO-COOH.
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Figure 5.2(a) Synthesis of double-urea terminated polydimethylsiloxane (PDMS-UU) from
amine-terminated polydimethylsiloxane (PDMS-NH,). (b) *H NMR spectra of PDMS-UU.
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5.3 Methods
5.3.1 Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) measurements were performed using a Q2500 DSC
from TA Instruments. The samples were dried in vacuum oven at 333 K overnight before placed
into the DSC pans. The samples were first equilibrated isothermally at 363 K for 10 minutes to
remove the thermal history, and then quenched to 113 K (to avoid crystallization). After
equilibration for 10 minutes, the samples were heated up to 363K with a rate of 10K/min. This

procedure was repeated twice for each sample to ensure the repeatability.

5.3.2 X-ray Scattering
X-ray Scattering spectra of all the samples were measured using an in-house setup of the
Laboratoire Charles Coulomb, “Réseau X et gamma”, Université Montpellier, France. A high
brightness low power X-ray tube, coupled with aspheric multilayer optic (GeniX3D from
Xenocs) delivered an ultralow divergent beam (0.5 mrad, flux 35 Mphotons s, A=1.5418 A).
The scattered intensity was measured by a 2D pixel Pilatus detector with a sample-to-detector
distance of 0.2 m. Samples were prepared in glass capillaries. All intensities were corrected for
transmission and the empty cell contribution was subtracted. The measurements were performed

at room temperature.

5.3.3 Broadband dielectric spectra (BDS)
Broadband dielectric spectra (BDS) in the frequency range 10-2-10% Hz were measured using a
Novocontrol system that includes an Alpha-A impedance analyzer and a Quatro Cryosystem

temperature control unit. The PDMS-UU sample was placed between two gold-plated electrodes
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with diameter of 20 mm, separation between electrodes was 174 um. PDMS-NHCO-COOH
samples were placed into a parallel-plate dielectric cell made of sapphire and invar steel with an
electrode diameter of 12 mm. A capacitance of 20 pF was obtained for the cell with an electrode
separation of 50 um. PDMS-CH3 sample was placed into a parallel-plate dielectric cell made of
sapphire and invar steel with an electrode diameter of 10 mm. A capacitance of 3.3 pF was
obtained for the cell with an electrode separation of 210 um. To prevent crystallization, all the
samples were quenched from room temperature to about 113 K and reheated to 10 K below the
glass transition temperature T before the measurements. The spectra were measured on heating.
After each temperature increase, the samples were equilibrated for 10 minutes to reach thermal
stabilization within 0.1 K. Only PDMS-CH3 and PDMS-NHCO-COOH (DP 74) samples showed
signs of crystallization, and they were measured on heating until crystallization. Measurement of
their dielectric spectra during heating and cooling in the temperature range below crystallization
confirmed repeatability of the data and ruled out influence of crystallization on the measured
spectra. All other samples did not have crystallization, and were measured on heating up to

~300K and then on cooling back to ~Tg4 to confirm reproducibility of the data.

5.3.4 Rheology
The viscoelastic properties were probed by small-amplitude oscillatory shear (SAOS)
measurements through a strain-controlled mode of the AR2000ex (TA Instruments) in an angular
frequency range of 10110 rad/s using parallel plate geometry, with a disk diameter of 4mm.
The gap between plates was ~ 0.6 - 0.7 mm for all the samples. The samples were quenched to a

temperature near T4 before a frequency sweep was conducted at several different temperatures
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on heating. Prior to each frequency sweep measurement, the samples underwent thermal

stabilization for 5 minutes to make sure that thermal equilibrium has been reached.

5.4 Results

5.4.1 X-ray scattering
The X-ray scattering spectra of all the samples exhibit a strong and sharp peak at q ~0.85 A
which reflects spatial correlations between PDMS segments, along with a weaker peak around q
~1.5 A which reflects intra-segmental correlations'®® (Fig. 5.3a). The low-q peak around 0.1 A"
! can be found in spectra of both PDMS-NHCO-COOH and PDMS-UU samples, while no such
peak is visible in the spectra of the non-associating PDMS-CHz reference sample. Hence this
low-q peak is a clear indication of a microphase separation in the former systems. The peak

position g, provides a rough estimate of the average center-to-center distance between the

clusters®?, d ~ el , and its intensity should indicate the extent of aggregation. To analyze the

dc

intensity of the low-q peak, all the spectra were normalized to the high-q peak of the PDMS
backbone after subtracting a baseline (Fig. 5.3b). Then the low-q peak was fitted using a

Gaussian peak function (Fig. 5.4):

1(q) = (—=)exp [-(£29)2] (5.1)

w,/T/2 w

where A is the intensity of the peak defined by the amount of clusters present and their contrast,
i.e. the difference of scattering length density between end groups and backbones, w is the width
and qc is the position of the peak. For polymers with shorter chains, the volume fraction of end

groups fe is not negligible, and the obtained A value from fitting needs a correction by the the
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Figure 5.3 (a) X-ray scattering results for all telechelic associating polymers of different degree
of polymerization (DP) and PDMS-CHs as indicated. The data are offset vertically for clarity.

The arrows indicate the low-q peak position. (b) The same X-ray scattering results normalized
with respect to the PDMS backbone peak after subtracting a baseline.
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Figure 5.4 Gaussian fits for the low-q peak from the Small Angle X-ray Scattering results
after subtracting the baseline for (a) PDMS-NHCO-COOH (DP=50); and (b) PDMS-UU
(DP=50).
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factor (1 — f.). Here we assume that the volume fraction of the end groups is the same as their
weight fraction, i.e. the density of the end group clusters is about the same as the PDMS density.
Thus, A(1 — f;) is considered as the correct normalized intensity of the low-q peak, that
represents the total amount of end groups in the clusters. Indeed, the amplitude of the peak
increases with the increase in end group weight fraction (Table 5.1). Assuming that all functional

groups form clusters, we can roughly estimate an average cluster radius using the relationship for

1
a cubic arrangement of spherical particles ¢ R jyster = %(% f.)3. Table 5.1 presents the cluster

center-to-center distance, cluster radius and the normalized intersity of the low-q peak estimated
from the SAXS data. The cluster radius appears to increase slightly with the decrease in the

backbone DP.

5.4.2 Broadband Dielectric Spectroscopy
The BDS spectra of the studied telechelic associating polymers exhibit several relaxation
processes?2" 162 \We focus here on a detailed analysis of the PDMS segmental relaxation spectra
(Fig. 5.5). Direct comparison of the dielectric loss spectra of a telechelic associating polymer
with its non-associating counterpart at the same temperature shows not only a significant shift of
the peak position but also a decrease in its amplitude (Fig. 5.5a). In addition, the amplitude of the
segmental relaxation peak decreases strongly with decreasing degree of polymerization (DP) of
the telechelic associating polymers (Fig. 5.5b). The other remarkable observation is that the peak
broadens significantly for the polymers with associating end groups, and the broadening
increases drastically with decrease in DP (Fig. 5.5b) and upon cooling (Fig. 5.6a). The observed

changes in the BDS spectra are very similar to the ones observed in polymer nanocomposite
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Table 5.1 Degree of polymerization (DP), Number of Kuhn segments (Nk), Molecular weight of
the PDMS associating polymers including end groups (My), weight fraction of the end groups
(fe), center-to-center distance between clusters (d), radius of clusters (Rciuster) and corrected
intensity of the low-q peak A(1-fc)

Material DP N, | M, (kg/mol) | f, (Wt%) | d (nM) | R pyster A(l-f)
(nm) (a.u.)
PDMS- 13 4 1.28 24.7 4.08 1.59 46.8
NHCO- 22 7 1.94 16.3 4.43 1.50 32.3
COOH 50 16 4.02 7.9 5.12 1.36 23.2
74 23 5.57 5.7 5.97 1.43 16.2
PDMS-UU 50 16 4.21 12.2 5.70 1.75 7.45
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Figure 5.5 Dielectric loss spectra &” for (a) PDMS-NHCO-COOH and PDMS-CHz with DP=50
at 155K. (b) PDMS-NHCO-COOH with DP = 13 at 168K, DP = 22 at 164K and DP = 50 at
161K. The arrow indicates the decrease in the amplitude of segmental relaxation (a-process).
Temperatures were chosen to have the segmental peak in the same frequency range.
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materials'®® %7, Moreover, the low frequency side of the segmental peak appears different for
UU and COOH terminated chains (Fig. 5.6b). An additional dielectric process is obvious in the
spectra of PDMS-NHCO-COOH with DP=50 (Fig. 5.6b). It was called a*-relaxation and was

assigned to binary association of the functional groups?.

To estimate the relaxation time, the loss spectra were initially fit to a single Havriliak-Negami

(HN) function:

£"(v) = Im {L} (5.2)

[1+2rivT)*]Y

in which Ae denotes the dielectric relaxation strength, a and y are the shape parameters.  is HN

relaxation time that is related to the relaxation time at the loss maximum T, 4, *%:

1 1

e = loin (2| ¥ o (22 6

The latter is often used as the characteristic segmental relaxation time in polymeric materials.

The obtained t,,,, follows the Vogel-Fulcher-Tammann (VFT) equation (Fig. 5.7a).
B
Tmax = To€XP (T—_To) (5.4)

Here 7, is a limiting relaxation time, B and T, are material dependent parameters. By
extrapolating T4, to T = 100 s, the glass transition temperatures (7,) from the dielectric
measurements are estimated. It is comparable to the calorimetric T4 (Fig. 5.7b), confirming the
assignment of the fastest relaxation process in BDS to the segmental motion of the PDMS
backbone. The addition of the functional groups at the chain ends shifts the segmental relaxation
time and Ty of the backbone, with stronger shift for shorter chains. Changing the functional end
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Figure 5.7 (a) Activation plot of the dielectric a-relaxation time of PDMS-NHCO-COOH and
PDMS-UU (closed squares) along with their non-associating counterparts PDMS-CHz (open
squares) with different DP. The solid and dotted lines are VFT fits to the respective data sets. (b)
Glass transition temperature (Tg) vs. total molecular weight including end groups (M) for
PDMS-NHCO-COOH and PDMS-UU (closed symbols) as well as their non-associating
counterparts PDMS-CHz (open symbols). Squares with error-bars - results from BDS; circles -
results from DSC. The lines are guides for the eye.
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group of the DP = 50 samples does not affect segmental dynamics and Tg significantly. The
broadening of the segmental relaxation peak clearly depends on the chain length, i.e. DP of the
samples (Fig. 5.5b, Fig. 5.8). While the sample with DP = 74 shows only a weak broadening on
the low frequency side in comparison to the spectrum of PDMS-CHz3, the extent of broadening is
significant for DP = 13 sample (Fig. 5.8). In the case of DP = 13, the broadening can even be
found on the high frequency side, indicating extremely broad distribution of relaxation times in
systems with short chains. In analogy to polymer nanocomposites, we ascribed the broadening

of the spectra to the formation of an interfacial layer.

5.4.3 Shear rheology
To analyze the effect of microphase separation on the viscoelastic properties of these samples,
we constructed master curves from the shear modulus spectra using time-temperature
superposition (TTS). The results for storage (G") and loss (G") moduli for PDMS-UU sample are
shown in Figure 5.9 together with earlier results for PDMS-NHCO-COOH samples?® 1%, All the
samples demonstrate the prominent rubbery plateau regime. The plateau modulus value is
determined as G,; = G'(Wmin), Where mmin is the frequency of the loss modulus minimum,
G"(wmin), in the rubbery region. For the PDMS-NHCO-COOH samples, the plateau modulus
is elevated, and its range extends dramatically with decreasing DP. For the DP = 74 and DP = 50
samples, the plateau modulus is ~ 1 MPa, a usual range for rubbery materials, but it increases
strongly for samples with smaller DP, reaching around 100 MPa for DP = 13 (Fig. 5.9). The
latter is only an order of magnitude lower than the glassy modulus. The PDMS-UU sample

shows a higher modulus than PDMS-NHCO-COOH with the same DP =50, and it shows the
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Figure 5.8 Normalized dielectric loss spectra vs. normalized frequency of the a-relaxation for
PDMS-NHCO-COOH (blue symbols) and PDMS-CHz (black symbols) with DP=74, 22 and 13.
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Figure 5.9 Storage (closed symbols) and loss (open symbols) shear moduli master curves for all
associating polymers studied here. The reference temperature is taken as 158K for the PDMS-
NHCO-COOH (DP=13) sample. The curves of the other samples are horizontally shifted to
match the position of the segmental relaxation peak. The vertical arrow indicates the increase in
plateau modulus with decrease in DP value from 74 to 13. The horizontal blue dashed line
indicates the rubbery plateau modulus level for the PDMS-NHCO-COOH (DP 22) sample.
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longest rubbery plateau of any studied sample. The latter can be explained by the higher thermal
stability of the clusters formed by the urea groups that is evident from the higher second Tg of the
PDMS-UU sample (Fig. 5.10a) compared to PDMS-NHCO-COOH samples (Fig. 5.10b). This
second Ty is assigned to the structural relaxation in the clusters of associating groups, which is

Tg2~ 280K in UU clusters, while it is Tg2 ~ 190K in COOH clusters?.

5.5 Discussion
Analysis of the SAXS data clearly demonstrates that the decreasing DP, i.e. increasing weight
fraction of associating chain ends, leads to an increase in amplitude of the low-q peak, a decrease
in the distance between clusters d, and a slight increase in the radius of the clusters Reiuster (Table
5.1). For the PDMS-UU sample R jyster 1S larger than in the PDMS-NHCO-COOH sample with

the same DP = 50 due to the larger size of the double-urea end groups (Fig. 5.11).

It is expected that the distance between clusters should be controlled by the end-to-end distance
of the PDMS backbone Ree because the chain should extend from the surface of one cluster to the
surface of another adjacent cluster. The value of unperturbed Ree can be estimated using the

classical approximation®3’:

(Ree) = LNy (5.5)

Here, [, = IC,, and N, = Cl are the length and the number of the Kuhn segments, respectively. |

= 0.164 nm is the length of the Si-O bond, C., = 6.3 is the characteristic ratio for PDMS®8, and n
= 2*DP is the number of backbone bonds. Real Ree of a chain will depend on positions of its end

groups in two clusters. The shortest average distance between two surfaces of adjacent clusters is
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Figure 5.10 Temperature dependence of heat flow measured by differential scanning calorimetry

(DSC) for (a) PDMS-UU (DP = 50); (b) PDMS-NHCO-COOH (DP = 50).
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Figure 5.11 Center-to-center distance between clusters d (open circles), d - Reiuster (Closed
squares) and d - 2Rciuster (Open traingles) distances as a function of DP for PDMS-NHCO-COOH
(black symbols) and PDMS-UU (red symbols) systems. The dashed line presents the calculated
unperturbed PDMS end-to-end distance.
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~d — 2R jyster- But it is unlikely that many connecting chains will have the minimum length.

26,163 and most of them are distributed

The reason is that there are many chain ends per cluster
across the entire surface of the cluster. Naively, we would expect that the average Re. for all the
chains connecting two neighbor clusters should be between ~ d — Ry ster and ~ d. Analysis
shows that the unperturbed average end-to-end distance of the polymer chains is shorter than d -
Reiuster for chains with small DP, and is in the range between d - Rester and d for larger DP (Fig.
5.11). It is interesting that, although d and Reuster are larger in the PDMS-UU system than in the
PDMS-NHCO-COOH system with the same DP = 50, d - Reuster is essentially the same,
emphasizing that this distance indeed depends on Ree. We note that similar studies of telechelic
polyisobutylene revealed that the equlibrium Re. can be comparable and even larger than the
distance between clusters d>2. However, the molecular weight of the studied polyisobutylenes
was much higher (up to 30kg/mol)°%. Thus, analysis of the SAXS data (Fig. 5.11) suggests that
the chains in the systems studied here might be stretched especially at smaller DP. In addition,
the increased amplitude of the highest-q peak observed in the normalized X-ray scattering with a
decrease in DP (Fig. 5.5b) is also a sign of chain stretching. According to the earlier studies'®®,

intensity of the higher g peaks in PDMS depends on population of the gauche conformational

states.

In analogy with the well-known case of polymer nanocomposite, we can ascribe the observed
behavior of the dielectric and rheological spectra to the existence of an interfacial polymer layer

163 \we used

surrounding the “glassy” clusters of the associating chain ends. In our earlier studies
this idea to estimate a possible thickness of the interfacial layer using the plateau modulus by

assuming the modulus in the interfacial layer to be ~ 1 GPa. However, the dielectric spectra
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provide an independent approach to estimate the thickness of the interfacial layer®: 676,
Knowing the thickness of the interfacial layer, we are able to determine its modulus from the

rheological data (Fig. 5.9).

Several approaches to fit the dielectric spectra had been applied to decipher the contribution from
an interfacial layer in heterogeneous systems such as polymer nanocomposites®®X, Previously, a
simple two HN functions fit (an additional HN function to represent the interfacial layer process)
and a more convoluted interfacial layer model (ILM) have been used to study the interfacial
layer properties in polymer nanocomposites®. The ILM is the more accurate method to study the
interfacial layer using BDS since it considers the non-additive feature of the dielectric response
in heterogeneous systems’®. Although the two HN functions approach is less accurate®®, it is
much simpler and has been utilized in quite a few studies®” %8 " providing reasonable results.
Thus, we chose the simpler 2-HN functions approach to analyze the dielectric segmental
relaxation spectra in studied here associating polymers. To account for the additional a*-

relaxation process, we added a third HN function to fit the dielectric spectra:

g(v) = Im {4 St Sfw | (5.6)

[1+@2rivTyy ) *1]Y1 [1+(2rivTiy)*2]Y2 [1+(2mivT e, )¥3]Y3

Here Aey, ik, Agin: and Ag,- are the dielectric relaxation strengths of bulk-like PDMS segments,
segments in the interfacial layer, and of the binary association process (o* process), respectively.
Tpulks Tine @nd T, are the corresponding HN relaxation times; o and y represent the shape
parameters for their respective processes. To reduce the number of free fit parameters, we fixed

the shape parameters for bulk-like PDMS segments (a4, y;) to the values from the fit of non-
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associated PDMS-CHz spectra. The other parameters remained free. Representative fits of the

dielectric loss spectra to the eq. 5.6 for all the samples are shown in Fig. 5.12.

Analysis of the results reveals (Fig. 5.13a) that segmental relaxation in the interfacial layer is
approximately one order of magnitude slower than in the bulk-like polymer. Interestingly, the
ratio t;,,; to 7, is about the same for all the samples, which is rather independent of temperature
as well (Fig. 5.13b). We note that the segmental relaxation time in the interfacial layer was found
to be about one order of magnitude slower than that in the bulk polymer also in polymer
nanocomposites®® 2 and polymer grafted nanoparticle samples’®. However, it was shown that in
the case of nanocomposites, the slowdown of segmental dynamics in the interfacial layer

depends on the particular polymer-nanoparticles interactions’ ™.

The fitting results of the dielectric spectra also demonstrate that the amplitude (relaxation
strength) of the bulk-like process decreases and that of the interfacial layer increases gradually
with decreasing DP, implying an increasing volume fraction of the interfacial region with
decrease of the chain length (Fig. 5.14). In the case of the sample with DP=13, almost the entire
relaxation spectrum is assigned to the interfacial layer process. Quantitative analysis of the
dielectric relaxation strength of the segmental peaks revealed that the bulk-like segmental peak
in associating polymers, Aep,, 1k, 1S always lower than that in the non-associating polymers,

A&y onas (Fig. 5.14). For all the non-associating PDMS, the values of Aeg,, 54 iNCrease upon
cooling, following Curie’s law (Fig. 5.14). However, Agy,,;i in telechelic polymers shows a
much weaker temperature dependence. Moreover, the sample with DP = 22 exhibits essentially
no temperature dependence of Aey,,;x, While Agp,, i €ven decreases upon cooling in sample with

DP = 13. These observations are similar to the results known from polymer nanocomposites, and
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Figure 5.12 Dielectric loss spectra £”(v) for (a) PDMS-NHCO-COOH DP 13 at 176K, (b)
PDMS-NHCO-COOH DP 22 at 169K, (c) PDMS-NHCO-COOH DP 74 at 163K, (d) PDMS-
NHCO-COOH DP 50 at 163K, (e) PDMS-UU DP=50 at 164K. The red solid lines are the fits
with three HN functions. The pink, brown and blue dashed lines are the individual contributions
of the «, interfacial and a* relaxation processes, respectively.
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interpreted as an increase of the interfacial layer thickness upon cooling” ®°. This also explains
the observed increase in the broadening of the segmental relaxation peak upon cooling (Fig.
5.6a). It is now well documented that the dielectric strength of the segmental relaxation in the
interfacial layer, Agint, Of thin polymer films and polymer nanocomposites is strongly
suppressed®: 7376 It was ascribed to a strong restrictions on segmental reorientation in the
crowded interfacial layer’. Thus, Ag;,,, does not reflect the true volume fraction of the polymer
interfacial layer™, and one should use Ag,,,;;, to estimate the volume fraction of the bulk-like

polymer, guuik °® 3. Then the interfacial volume fraction can be estimated using @int = 1 — @np -

¢bulk, Where onp is the volume fraction of nanoparticles in the polymer nanocomposite sample.

Following this approach, we use Agy,,;i to calculate the volume fraction of the bulk-like

polymer, and then the volume fraction of the interfacial layer:

Agpy
Ping = 1 — f, — 2tk (5.7)

A&nonas

The estimated volume fraction of the interfacial layer ranges from 20% to 40%, as DP decreases
from 74 to 22, and reaches 70% for the sample with DP=13 (Fig. 5.15a), indicating the strong
dominance of the interfacial layer in this sample. Using the estimated ¢;,; and assuming a
spherical shape of the chain end group aggregates, we can calculate the interfacial layer

thickness using the equation®:

1

lint = Repuster X [(%)3 - 1] (5-8)

The analysis (Fig. 5.15b) reveals that the interfacial layer thickness ranges from 0.7 to 0.9 nm for

all telechelic polymer samples studied here, essentially independent of the backbone DP or
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Figure 5.15 Variation of the volume fraction (a) and the thickness (b) of the interfacial layer vs.
inverse temperature for the studied telechelic associating polymers.
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chemistry of the end group. This value is much smaller than the interfacial layer thickness found

in the polymernanocomposites>®

. We explain this result by much smaller cluster size with Reiuster
~ 1.4-1.8 nm, while in polymer nanocomposites usually nanoparticles have R ~ 10-20 nm.
However, this thickness is consistent with the earlier assumption? that it should be comparable

to the polymer segment size.

As next step, we analyze the mechanical relaxation spectra (Fig. 5.9). Classical rubber elasticity

theory predicts that the rubbery plateau modulus should be inversely proportional to the
molecular weight of the PDMS backbone, M: G = %. Analysis of the experimental data for

the longest PDMS chain with DP = 74 revealed that the obtained plateau level is only slightly
(~2 times) higher than expected from the classical theory (Fig. 5.16). However, the difference
increases strongly with decreasing DP, reaching ~100 times for the sample with DP = 13. As it
was shown in our earlier analysis!®?, this difference cannot be explained by a hard-filler effect
due to the presence of the glassy clusters. This difference clearly indicates that the interfacial
layer has a much higher modulus than the bulk-like PDMS matrix. Here, we use again the
analogy to Polymer Nanocomposites, especially to polymer grafted nanoparticles. The clusters of
chain end groups indeed can be considered as nanoparticles with grafted chains. To analyze the
data, we employed the mechanical interfacial layer model used to describe the properties in
polymer Nanocomposites, which provides a relationship between the interfacial layer thickness
and modulus as well as the macroscopic mechanical strength of the composite material®®. It
assumes a non-slippery condition at the bulk polymer - interfacial layer and interfacial layer -

filler boundaries. In the model, the shear modulus of the sample G, is calculated as:
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Figure 5.16 Plateau modulus of the studied telechelic associating polymers from rheology
measurements (black squares) and calculated from the ILM based on the layer thickness
estimated from BDS measurements (green squares) as a function of the weight fraction of the
end groups. The black dotted line indicates the relationship between plateau modulus and the
weight fraction of end groups according to classical rubber theory. The red dashed line is a trend
line guided by the datasets.
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40(G/Gm)?I1X| + (£2) 21| + 8121} = 5IT| = 0 (5.9)

where | X|, |Y], |Z]| and |T| are the determinants of 10X 10 matrices which depend on the shear

moduli, Poisson’s ratios and volume fractions of filler (i.e., end group clusters), interfacial layer
and bulk-like matrix, respectively. The full expression of each matrix can be found in Maurer et

al 81

To analyze the mechanical reinforcement, we used the mechanical ILM with the interfacial layer
thickness taken from the BDS measurements (Fig. 5.15b). We assumed that the Poisson’s ratio
and the modulus of the functional group cluster are the same as in the hydrogen bonding system
glycerol*™, i.e. ~ 0.33 and 3GPa, respectively. The Poisson’s ratio of the PDMS matrix and of
the interfacial layer were assumed to be 0.495, the same as that of neat PDMS*"%, The shear

modulus of the bulk-like PDMS matrix is assumed to follow the classical rubbery theory.

The interfacial layer in DP=13 sample occupies essentially the entire polymer fraction (Fig.
5.15a). Thus, the modulus of the interfacial layer even above the PDMS matrix T4 should be
comparable to the measured rubbery plateau level in this sample, i.e. ~100 MPa. Indeed, the best
agreement between the plateau modulus level and the mechanical ILM estimates for DP = 13
sample is reached (Fig. 5.16). Using this value, a reasonable agreement of the mechanical ILM
predictions and the measured plateau modulus is achieved for all other DPs (Fig. 5.16). The
decrease in the PDMS backbone length leads to an increase in the volume fraction of associating
group clusters and to a significant increase in the interfacial volume fraction (Fig. 5.15a). As a
result, the microphase separation of the associating groups leads to a significant mechanical

reinforcement with the rubbery modulus of the shortest chains almost reaching a glass-like
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modulus value. The reason for so high modulus even at temperatures above the PDMS T4 most
probably is related to strong stretching of the chains in the interfacial layer. The estimates show
that each cluster contains ~ 35-50 chain ends'®3, which would correspond to a grafting density ~
1.5 chains/nm?. This is significantly higher than in polymer grafted nanoparticles, where the
grafting density is usually ~ 0.5 chains/nm? 1’2, Such a high grafting density leads to a strong
crowding and stretching of the chains in the interfacial layer, leading to their restricted flexibility
and high modulus. Thus, BDS and rheological data provide a clear indication of the interfacial
polymer layer formed around the clusters of associating end groups. Although this interfacial
layer is extremely thin (~0.7 — 0.9 nm), it plays a significant role in relaxation and mechanical
properties of associating polymers with microphase separation. The impact of this interfacial
layer on the macroscopic properties increases with decreasing chain length due to the increasing
volume fraction of the interfacial region. The presented analysis provides a consistent description
of both BDS and rheological data for samples with several chain lengths and two different end

groups.

5.6 Conclusion
The analysis of the X-ray scattering data of the telechelic polymers studied here reveals that all
of them form aggregates of the end groups. This result is consistent with the presence of two Tgs
observed in DSC. Moreover, the X-ray scattering data provide a direct estimate of the average
distance between the aggregates and allow an estimate of their size. Our analysis suggests that
the chain end-to-end distance controls the average distance between aggregates, and aggregates

containing ~ 30-55 associating groups increase in size with the decrease in the backbone length.
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At the same time, dielectric and rheological data clearly indicate the existence of an interfacial
polymer layer surrounding these clusters with relaxation behavior and mechanical properties

different from that of the bulk-like polymer.

To analyze the properties and the thickness of the interfacial layer, we employed models
developed for polymer nanocomposites. Indeed, structurally the studied samples are analogous to
polymer grafted nanoparticles. Using this approach, we found that the segmental dynamics in the
interfacial layer is about an order of magnitude slower than that in the bulk-like polymer. The
estimated thickness of the interfacial layer is surprisingly small ~ 0.7-0.9 nm, comparable to a
length of a single segment. However, this might be reasonable considering the very small size of
the aggregates with Reiuster ~ 1.4 - 1.8 nm. Using the estimated interfacial layer thickness and the
value of the rubbery plateau, we were able to estimate the shear modulus in the interfacial layer.
It appears rather high ~ 100 MPa (even at temperatures well above the polymer’s Tg), which we
explain by a significant chain stretching in this interfacial layer. Thus, the models employed here
provide a consistent description of both BDS and rheological data. We emphasize that the
employed here analogy with polymer nanocomposite, especially with polymer grafted
nanoparticles, yields a suitable approach for describing and predicting properties of polymers
with microphase separation. This advances our understanding of polymers with dynamic bonds
which is critical for a rational design of novel functional materials with strongly enhanced

viscoelastic properties.
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CHAPTER 6 MECHANISM OF VISCOELASTICITY IN

ASSOCIATING POLYMERS WITH MICROPHASE

SEPARATION

A version of this chapter was published in ACS Nano, by Sirui Ge, Subarna Samanta, Bingrui Li,
Peyton Carden, Peng-Fei Cao, and Alexei P. Sokolov “Unravelling the Mechanism of
Viscoelasticity in Polymers with Phase-Separated Dynamic Bonds” (ACS Nano 2022, 16, 3,

4746-4755)

Alexei P. Sokolov formulated most of the concept and managed the entire project. Sirui Ge
formulated part of the concept, did most of the rheology and dielectric measurement, as well as
model analysis and wrote most of the manuscript under the guidance of Alexei P. Sokolov and
Subarna Samanta. Bingrui Li synthesized the associating polymers. Peyton Carden did X-ray
scattering measurement and dielectric measurement under the guidance of Sirui Ge. Peng-Fei

Cao provides the general guidance for polymer synthesis.

6.1 Introduction
Recent studies'®? suggest that structural relaxation in clusters formed by stickers controls
viscosity and terminal relaxation of the polymers with associating groups forming microphase
separation. However, a detailed microscopic understanding of how the network rearrangement

103

occurs in the presence of microphase separation is still lacking. Simulations studies** suggested

that structural rearrangements in this type of systems should go through fusion and dissociation
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of the clusters. This idea, however, was questioned in the recent experimental studies!®? 104,
Moreover, a clear separation between the timescale of cluster’s structural relaxation time and

rheological terminal mode was observed and remains unexplained?® 104,

Experiments®159143 glso indicated the presence of a thin interfacial polymer layer with restricted
mobility around these clusters, which also results in the elevated rubbery plateau modulus
explained by the mechanical interfacial layer model (ILM). However, the interfacial layers might
overlap forming a percolated network 828, Since the mechanical ILM assumes independent
fillers with interfacial layer®!, the previous interpretation from mechanical ILM is questionable.
For the polymer nanocomposites systems, the mechanical percolation model has already been
utilized to describe the mechanical reinforcement in the presence of percolated network of the
overlapping interfacial layers® 8 173 It has, however, never been used to study the analogous
system like the associating polymers with microphase separation. Thus, the mechanism of
network rearrangements and its effect on viscoelastic behavior in systems with clusters of the
dynamic bonds remains a puzzle. Developing a microscopic understanding of viscoelasticity in
polymers with clusters of dynamic bonds will help rational design of materials with

multifunctional properties and relatively easy recyclability.

To address this challenge, we provide detailed analysis of the studied earlier model telechelic
polymers with microphase-separated functional end groups®® 163, We demonstrate that
mechanical percolation model indeed explains well the unusually high rubbery plateau modulus
in these materials. Most important, based on the analogy to block copolymers, we propose a
mechanism of the network rearrangements via single chain hopping between clusters controlled

by a thermodynamic energy barrier related to the immiscibility of the dynamic end groups and
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the polymer matrix. Based on these results, we propose a general scenario of viscoelasticity of

174

polymers with clusters of dynamic bonds*’®. The presented in-depth understanding provides

design rules for developing functional materials with tunable viscoelastic properties.

6.2 Materials and Methods
The materials used in this chapter is the PDMS-NHCO-COOH, the same as was mentioned in
Chapter 5. Besides that, a new sample with DP of 19 is involved this research. The measurement
was the same as mentioned in Chapter 5, including X-ray scattering, broadband dielectric

spectroscopy and rheology measurements.

6.3 Results
6.3.1 X-ray scattering

Microphase separation in PDMS-NHCO-COOH has been verified through X-ray scattering in
Chapter 6. The low-q weak at around 0.1 A ! indicates the microphase separation. The similar X-
ray scattering result was also observed in DP 19 PDMS-NHCO-COOH (Fig. 6.1). The Gaussian
fitting of X-ray scattering spectra (Fig. 6.1) provides information on average center-to-center
cluster distance (d) and radius of the cluster (R,sterr) (Table 6.1). The nearest cluster surface-to-
surface distance can be calculated through d;ps = d — 2R jyster (Table 6.1). With R 51, the

grafting density (n,) of PDMS chains on surface of the clusters can be calculated as:

Vciuster __ RpNy (6 1)

ng = =
SclusterVend 3Mend
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Figure 6.1 X-ray Scattering spectrum for PDMS-NHCO-COOQOH with DP 19. Red line presents

1(q) (a.u.)

DP 19

e

101

q (A

10°

the Gaussian fit of the low-q peak. The peak position is labeled by arrow.

Table 6.1 DP, Molecular Weight of the PDMS-NHCO-COOH samples including end groups

(Mn), weight fraction of the end groups (fe), center-to-center distance between clusters (d), radius

of clusters (Reiuster), Cluster nearest surface-to-surface distance (dips), number of chain ends in

each microphase separated cluster (Z) and grafted density ne. Details of the X-ray data analysis

were presented in Chapter 5.

DP Mn (kg/mOI) fe (Wt%) d (nm) Rcluster (nm) dIPS(nm) Ne (nm_z)
13 1.28 24.7 4.08 1.59 0.9 1.9
19 1.72 18.4 4.47 1.58 1.31 1.9
22 1.94 16.3 4.43 1.50 1.43 1.8
50 4.02 7.9 5.12 1.36 24 1.7
74 5.57 5.7 5.97 1.43 3.11 1.8
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where M,,,; and p are the molecular weight and density of the associating chain end,
respectively. Na is the Avogadro’s number. The grafting density was found to be ~1.7-1.9 nm™*

for all associating polymers (Table 6.1).

6.3.2 Shear Rheology
Small amplitude oscillatory shear was employed to measure linear viscoelastic behavior of the
associating polymers. Shear modulus master curves were constructed (Fig. 6.2a) by using time-
temperature superposition (TTS) of the measured rheological spectra at different temperatures in
the vicinity of terminal relaxation regime. The shift factor at various temperature used for TTS is
shown in Fig. 6.2b. The rubbery plateau modulus (Gp;) increases with decreasing the chain
length of the polymer backbone, reaching unusually high level of Gp; ~100 MPa in the shortest
chains with DP of 13 (Fig. 6.2c). Terminal relaxation is observed at low frequencies where G’
and G” increase with frequency as w? and w?, respectively. In addition, the samples with DP of
13, 19 and 22 exhibit an intermediate regime between the rubbery plateau and the terminal
relaxation where both G” and G” follow power law behavior ~®»* with the exponent o ~ 0.5 (Fig.
6.2a). In contrast, this regime is absent in spectra of samples with DP 50 and DP 74, where the
terminal relaxation is reached right after the end of the rubbery plateau (Fig. 6.2a). In our
previous publication, the terminal relaxation time was determined from the crossover of G” and
G163 However, this method is only valid for the Maxwellian relaxation behavior. Due to the
presence of the Rouse-like spectra in lower DP samples, the crossover is no longer able to
provide the accurate estimation of the terminal relaxation time (Fig. 6.2c). In such case, the

longest Rouse timescale is more accurate. Thus, to acquire the accurate terminal relaxation time
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Figure 6.2 (a) Shear modulus master curves for the telechelic PDMS-NHCO-COOH measured at
temperatures higher than second Tg. The arrow indicates the telechelic PDMS-NHCO-COOH
samples used to create the master curves increased rubbery plateau value for shorter chains. (b)
Shift factors of time-temperature superposition (TTS) for the. (c) Master curve of the shear
modulus for DP 13 sample based on the reference temperature of 230K. Solid and open symbols
refer to G” and G” spectra, respectively. Fits based on the Rouse model are shown as red lines. tc
refers to terminal relaxation of the material. The values of the rubbery plateau modulus (Ge.) and
shear modulus at terminal relaxation (Go) are indicated with arrows.
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(t.) as well as its corresponding shear modulus level (G,), Rouse model'™ is utilized to fit the

shear modulus spectra:

w?t?

G' =Gy YV / and  G"=Gy XY

j=1 1+w?t} j=1 1+w?t}

w‘r]-

(6.2)

in which Tj = ]’—; For PDMS-NHCO-COOH with DP of 50 and 74, N is chosen to be 1, which

corresponds to the Maxwell relaxation. However, for PDMS-NHCO-COOH with DP of 13, 19
and 22, N is chosen to be an arbitrary number to fit the region of parallel decrease of the G’ and
G” with slope of 0.5. The proposed fit describes well the shear modulus spectra (see, €.g., Fig.
6.2c for PDMS-NHCO-COOH with DP of 13) and provides estimates of both the G; and G, as

well as ..

6.3.3 Broadband dielectric spectroscopy (BDS)
To analyze microscopic cluster dynamics in the studied systems, we employed dielectric
spectroscopy?® 16, The dielectric loss spectra (¢") higher than the 2" T of the for all the sample
are shown in Fig. 6.3(a-e). The labeled dielectric process is ascribed to motion of associating
groups in the clusters, termed as a,-relaxation?®. Using the same fitting method mentioned in
Chapter 4, i.e., eq. 4.1, we successfully acquired the characteristic relaxation time for a,-
relaxation (z,,). The activation plot (Fig. 6.3f) indicates that a,-relaxation relaxation also
follows VFT behavior. If we extrapolate the VFT fitting to 100s, the temperature corresponds to
the 2" Tg, validating the assignment of the dielectric process to the motion of associating groups

in the clusters.
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Figure 6.3 (a) Dielectric loss spectra for telechelic PDMS-NHCO-COOH with (a) DP 13, (b) DP
19, (c) DP 22, (d) DP 50, (e) DP 74, (f) T« as a function of inverse temperature for PDMS-
NHCO-COOH, (g) Comparison of €” spectra and M” spectra for telehelic PDMS-NHCO-COOH

with DP of 19 in which 142, t42-m and t are labeled.
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To compare rheological and dielectric data, the latter is converted to the dielectric modulus
M*(w)'%: 13 as was mentioned in Chapter 4 through eq. 4.5. The M” spectra is shown in Figure
6.3g with an additional dielectric process at lower frequencies originating from conductivity
relaxation (z,), as mentioned in Chapter 4. We also noticed that the timescale of a, relaxation
process from M” (z,,_y) is faster than that from &” spectra (7., ), especially for associating
polymers with shorter chains such as DP 19 PDMS-NHCO-COOH (Fig. 6.3g). This is expected
since the PDMS-NHCO-COOQOH with shorter PDMS backbone demonstrates higher amplitude of
a,-relaxation process (Fig. 6.3(a-e)), which can theoretically result in larger deviation of
characteristic relaxation time from £ spectra and M” spectra according to eq. 4.6. To acquire the
characteristic relaxation time from modulus spectra, the M” spectra were fit based on one

Havrilliak-Negami (HN) function plus one Debye-like process for conductivity relaxation:

M"(v) = Im{ 2May + e} (6.3)

(A+Q@rutgn_m)PMYYM  142mivt,

in which AM,,,, AM,; are the “modulus strength” of a, process and conductivity process. tyy_py,
7, are the HN relaxation time for a, process and the conductivity relaxation time from dielectric
modulus. S, and y,, are the stretching parameters for the a, process. The relaxation time

corresponding to the peak position of a, process in M” spectra is calculated using®®:

1

A T - e T ) GO
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6.4 Discussion

6.4.1 Mechanical percolation model explaining the mechanical reinforcement:
Our previous studies revealed the existence of an interfacial polymer layer around the
microphase-separated clusters with a thickness [;,,; ~ 0.8-0.9 nm regardless of PDMS backbone
length#3. This small thickness was explained by the small radius of the microphase-separated
clusters, Reiuster ~ 1.4-1.6 nm*3, When the distance between clusters surfaces d;ps < 2l;,,;, the
interfacial layers overlap with each other, forming a percolating network. According to the Table
6.1, the percolation of the interfacial regions can happen in PDMS-NHCO-COOH with DP of
13, 19 and 22, while the interfacial layers are expected to be fairly separated in PDMS-NHCO-
COOH with DP of 50 and 74 (Fig. 6.4). The critical volume fraction of the cluster, (f.)., for

percolation is estimated as d;ps = 21;,,, and appears in the range ~ 13.5 £ 1.2 wt%.

This analysis reveals that indeed interfacial layers form a percolating structure in systems with
low DP, and the mechanical percolation model needs to be used to describe the elevated
mechanical modulus observed in these samples. According to this model®, a composite modulus

is expressed as:

_ _ 2
— (1 21]J+II)XT)GSGT+(1 X )YGr (65)

GC (1-X7)Gr+(Xr—)Gs

in which G, is the shear modulus of the rigid phase. G, is the shear modulus of the matrix (in this
case PDMS matrix, which can be estimated from the classical rubber elasticity theory). X,. is the
volume fraction of the overall rigid phase. ¥ is the volume fraction of the spanning rigid phase

formed in the percolated network through the overlapping of the interfacial layer, and defined as:
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Figure 6.4 dips as a function of fe. Range of 2liy; value shown as a grey area. The box area
indicates the estimated range of percolation threshold, (fe)c, when dips ~ 2lint. Above the
percolation threshold, interfacial layers overlap to form a percolated network whereas below the
threshold, they are well separated. Blue circles represent the clusters of functional groups which
are surrounded by interfacial layers (orange) and linked by PDMS chains (red).
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0, X, <X,

= Xr—Xc
LlJ {Xr(l_—xc)b: Xr = Xc

(6.6)

Here X is the volume fraction of the rigid phase at the percolation threshold, b is the percolation

exponent characterizing the rate of the percolation structure formation with X.

We assume for simplicity that the clusters and their interfacial layers form a single rigid phase
with volume fraction X, = @ uster + @ine- The mechanical percolation model (eg. 6.5 and eq.
6.6) successfully describes the mechanical reinforcements in studied polymers (Fig. 6.5). The
value of X, at the percolation threshold is found to be 56.5%, which corresponds to the critical
volume fraction of the cluster, (f,). ~ 14.8%. The obtained value is in good agreement with the
value estimated assuming an ordered cubic arrangement of the clusters (Fig. 6.5). The critical
exponent b obtained from the fit is ~1.7, which also agrees with the prediction from scalar elastic
model in 3 dimensions developed by de Gennes!’®. Experimental investigations of percolation in
various systems including organic polymer blends, polymer gels and nanocomposite indicate the
exponent b ranges from 1.6-2.2177-182_ The model also provides the estimates of the shear

modulus of the rigid phase, G, ~177 MPa.

The obtained G,value agrees well with the estimates of the shear modulus of the rigid phase
using the Two-Phase Model (TPM) (Table 6.2). The two phases are clusters and the interfacial
layer. The necessary parameters to estimate the shear modulus using TPM are shear modulus,
volume fraction and Poisson ratio of both clusters and the interfacial layer. The modulus of the
interfacial layer was estimated to be ~ 100MPa 4. The Poisson’s ratio of the interfacial layer
(which consists of PDMS segments) is taken from literature!’* based on the PDMS values. For

clusters, the modulus and the Poisson’s ratio are assumed to be 3 GPa and 0.33, respectively,
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Table 6.2 DP, volume fraction of clusters @cluster, volume fraction of the interfacial layer @int,
volume fraction of clusters in the rigid phase @ciuster, 7Pm, VOlume fraction of the interfacial regions
in the rigid phase in, TPm, and the overall shear modulus of the rigid phase estimated using TPM
for the PDMS-NHCO-COOH associating polymers.

Material | DP | @cruster (%) | Qine (Y0) | @crusterrpm (%) | Pintrem (%0) | G-(TPM) (MPa)
PDMS- | 13 24.7 71.8 25.6 74.4 171
NHCO- | 19 18.4 59.1 23.7 76.3 164
COOH | 22 16.3 40.8 28.5 715 183
50 7.9 26.6 22.9 77.1 161
74 5.7 19.7 22.4 77.6 159
X, (volume fraction of rigid phase)
0.25 0.3 04 0506 07 08 09 1
O Gy
8 o G,
— = classical rubbery theory
. percolation model
5 (f.)c = 14.8%
=T X¢ = 56.5%
Q)
(@)
o -
-— - - 0
6k
D -
.=
5 1 1 1 1 1
0.05 0.10 0.15 0.20 0.25

f. (Volume fraction of the clusters)

Figure 6.5 Variation of Gp. (red squares) and Go (black squares) as a function of fe and X;. Red
line shows the fitting based on the mechanical percolation model (eg. 6.5 and eq. 6.6). Black
dashed line indicates the prediction from classical rubber elasticity theory. The arrow indicates
percolation threshold estimated from the fit.
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which are typical values for glassy hydrogen-bonded systems such as glycerol'®. The volume

fraction of cluster and interfacial layer in the rigid phase were estimated as @jysterTpy =

Pint

Pcluster tPint

Pcluster

and @ rpm = , respectively, where value of @y ster and @y, for

PclustertPint

PDMS-NHCO-COOH with DP of 13, 22, 50, 74 were demonstrated in Chapter 5 and ¢, of

PDMS-NHCO-COOH with DP of 19 was estimated through

lin
Pint = Pcluster [(—t + 1)3 - 1] (6.7)

Reluster

by using l;,,; = 0.85nm, which was estimated in Chapter 6, the results are in good agreement
with the value from mechanical percolation model (~177MPa) (Table 6.2), validating that the

percolation model explains well the mechanical reinforcement in the studied samples.

6.4.2 Viscoelastic behavior near terminal relaxation
It is interesting that in systems with no percolation (i.e., with DP of 50 and 74) the terminal
relaxation demonstrates Maxwellian behavior, i.e., rubbery plateau stops at the terminal
relaxation. In contrast, the rubbery plateau in systems with percolating rigid regions (i.e., with
DP of 13, 19 and 22) first decreases with a power law before reaching the terminal relaxation
(Fig. 6.2a). Consequently, the moduli Gp; and G, (eq. 6.2) appear to be comparable for non-
percolated systems, while Gp; is much higher than G, in percolating systems, and the difference
increases with decrease in samples DP (Fig. 6.5). Analysis of these data revealed that G,
obtained from the fit for all the sample follows the classical rubber elasticity®* predictions for
given length of the PDMS chains (Fig. 6.5), demonstrating that the mechanical reinforcement

actually vanishes at terminal relaxation.
187



To study the viscoelastic properties in associating polymers with microphase separation, we
compared shear modulus spectra and dielectric M” spectra (Fig. 6.6a). It is evident that T is

significantly slower than z,,_,,, indicating that motion of stickers inside the clusters is not

sufficient for terminal relaxation. Interestingly, the shear modulus in percolating systems starts to
decrease from the rubbery plateau level at the time scale comparable to 7.,y (Fig. 6.6a),
suggesting that the stickers motions within the clusters lead to the softening of the modulus down
to the level predicted from classical rubber elasticity. Indeed, when chain ends in clusters are
unable to move, the whole system is similar to nanoparticles with extremely high grafting
density ~1.7-1.9 chains/nm? (Table 6.1). This grafting density is ~3 times higher than in usual
polymer grafted nanoparticles, leading to strong crowding and stretching of the chains in the
interfacial layer. Stretching of the chain is supported by larger population of the gauche states
found from wide-angle X-ray scattering results*3. All these factors strongly hinder bending of
the PDMS segments in the interfacial layer and lead to high modulus. However, when chain ends
start to move inside the clusters, the PDMS segments in the interfacial layer can be easily
rearranged and change their conformations under external force, and the macroscopic
deformation is easier to reach. This results in a gradual softening of the polymer interfacial layer,
which is demonstrated through the parallel decrease of the G* and G with decrease in frequency.
This softening reaches the modulus level expected from the rubber elasticity at the time of the

terminal relaxation. Moreover, similar temperature dependence of both z,,_ and 7. (Fig. 6.6(b-

f)) suggest that dynamics in the clusters might act as a precursor for the macroscopic

rearrangement of the network.
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Figure 6.6 (a) Comparison between the shear modulus (red and blue symbols) and the dielectric
loss modulus spectra (green symbols) for PDMS-NHCO-COOH with DP of 13 sample at 230K.
Terminal relaxation timescale (tc) and ao-relaxation timescale (tq.2-m) are labeled with arrows. (b-
f) Temperature dependence of the two timescales (symbols), and their fit based on eq. 6.10 and
eq. 6.9 (lines) for PDMS-NHCO-COOH with DP of 13, 19, 22, 50 and 74.
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6.4.3 Mechanism of network rearrangement
The mechanism of network rearrangement in associating polymers with microphase separation
remains a puzzle. It is obvious that the network rearrangement should involve exchange of the
stickers between different clusters®® 185 Based on computer simulations, Amin et al. suggested
that exchange should go through a merge of different clusters'®. This mechanism was
questioned by Mordvinkin et al.1% 1% where telechelic poly(isobutylene) (PIB) with functional
end groups were studied. These systems, like the studied here polymers, have well separated
clusters and merging of these clusters is not feasible due to the presence of multiple chains
between the clusters. These systems, however, are similar to triblock copolymers with
microphase separation. In triblock copolymers with microphase separation, network
rearrangement process is dominated by chain pullout process, which needs to overcome the free
energy penalty from the immiscibility of different blocks!-187, In other words, the block in the
microphase-separated cores need to be pulled out and diffuse to another microphase-separated
core to complete the rearrangement process. According to'®-1% the pullout timescale is

expressed as:

Tputlout = TRouse€XP (axNcore) (6.8)

in which Tz, 18 Rouse relaxation time of the block inside the microphase-separated cores. y is
the Flory—Huggins parameter. N, is the number of Kuhn segments of the block forming
microphase-separated cores. o is a constant in the order of unity. We hypothesize that the similar
mechanism controls bond rearrangements in the studied here telechelic systems, and the free

energy barrier to “chain end pullout” process determines the network rearrangement process

(Fig. 6.10a).
192



Borrowing the idea of chain exchange kinetics in block copolymer micellest®-187: 191 re|ationship

between . and 7.,y can be expressed as:

7e(T) = Ty (T) €xp (22) = Tap-p (T)exp (@ Neore) (69)

in which the activation energy barrier, E,, is related to the thermodynamic penalty for the sticker
to be placed in the polymer matrix ~ayN,,,.. TO estimate the activation barrier from the

experimental result, 7,,_ (T) was fit to the Vogel-Fulcher-Tammann (VFT) equation (Fig.

6.6(b-f), red line):
Tay-u(T) = Toexp G=7) (6.10)

Here 7, B and T, are the VFT fit parameters. Then, t-(T) was fitted using eg. 6.9, in which

Ta,-m 1S SUbstituted by the VFT equation, with the energy barrier E, as the only free fit
parameter (Fig. 6.6(b-f)). The fitting results revealed the average activation energy to be ~ 6.6
kJ/mol (Fig. 6.7). Strong deviation in the case of the sample with DP 74 might be caused by

crystallization that strongly limited the studied temperature range.

The obtained activation energy can be compared to the expected ~ayN, yre. Ncore OF the end
group is 1, and the Flory-Huggins parameter, y, can be estimated from the solubility parameters

(8) and molar volume of the chain end instead of the molar volume of a copolymer block*%

_ (5end_6PDMS)2 Vend
¥ = 0! (6.11)

The solubility parameter of the PDMS backbone §pp s is 7.3 cal'/2cm=3/2 1%, The solubility

parameter of the chain end (COOH), 68,,,4, is estimated via Hansen Solubility Parameter (HSP)%*
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Figure 6.7 Estimated energy barrier for single sticker “pullout” into PDMS matrix. The solid
dashed line indicates the average activation energy for this process.
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approach, which divides the solubility parameter into 3 partial components: dispersion, polarity

and hydrogen-bonding. The total solubility parameter is calculated as

8 = \/55 + 62 + 62, (6.12)

Each partial parameter can be estimated through the group contribution method*®:

1
84 = (XiNiCi + X, M;D; +959.11)"“"* (MPa)z (6.13)
8, = (N NiCi + X; M;D; + 7.6134) (MPa): (6.14)

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

in the compound.

According to the PDMS-NHCO-COOH chain end structure, it possesses 4 different First-order
groups in the Table A.1. in!%, (Fig. 6.8). By using the equations (eg. 6.16 — eq. 6.18), 3 partial

parameters are calculated as shown below.

0.4126

1
5d = (36d,CH2 + 5d,CH2CO + Sd,COOH + 6d,CH2NH + 95911) = 18.233 (MPa)Z (616)

1
6p = (35P,CH2 + 6p,CHZCO + 6p,COOH + 6p,CH2NH + 76134) == 11258 (MPa)Z (617)

1
Sy = (38hb,crz + Onb.crzco + Onv,coon + Snv,crznn + 7.7003) = 11.392 (MPa)z  (6.18)

3

1 1
Thus, 8.,y = 24.27 (MPa)z = 11.86 calzcm .
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. . - M
The molar volume of chain ends V,,,, is calculated using V4 = pe’“’ where the molecular

)
end

weight of chain ends M, is 158 g/mol, and the density of chain ends is assumed to be the same
as that of glycerol, pgnq = 1.26 g/cm®. Thus, (8eng — Oppms)?Vena is estimated to be ~ 11
kJ/mol, in reasonable agreement with the experimentally estimated Ea assuming « value ~0.6.
The value of « close to 0.6 has been reported in several studies of chain exchange kinetics in
different block copolymer micelles®’:19:197 Thuys, the single chain hopping mechanism provides
reasonable estimates of the energy barrier controlling terminal relaxation in associating polymers

with microphase separation.

Based on these results and analysis, we propose the following mechanism of the terminal
relaxation in polymers with phase separated reversible bonds (stickers). Network rearrangements
require mobility of stickers in the clusters and a sticker escape from the cluster requires to
overcome an energy barrier controlled by miscibility of stickers in a polymer matrix. Once the
sticker escaped from the cluster, it will diffuse through the polymer matrix to another cluster

with a timescale of 74;¢rusion, Which is mainly governed by Rouse sub-diffusive motion, i.e.,

Tdiffusion~1'a(%)4, here d is the distance between clusters (~ 5 nm, Tables 6.1) and [, is the

Kuhn segment length of PDMS (~ 1 nm). This provides estimates of 74;¢ysion ~ 10° 7,. At the
onset of 2" Ty, where stickers can move inside the clusters, 7, is ~ 107 s and Tg;ffysion IS ~

1076 s. This time is many orders faster than terminal relaxation time at the same temperatures.
Thus, we can safely assume that sticker escape from the cluster is the rate-determining step in the
single chain hopping process. This mechanism is similar to that describing the network

rearrangement of Butyl ionomer®, However, we introduce the microscopic mechanism of these
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rearrangements and identify the energy barrier controlling the sticker hopping process. This
mechanism also explains the difference between the timescale of network rearrangement and the
dynamic bonds motion inside the clusters. The proposed mechanism is consistent with the recent
NMR studies'®? 1% revealing that single chain relaxation is responsible for the terminal
relaxation in the associating polymer with phase separation. These studies of telechelic PIBs with
barbituric acid end groups and with thymine end groups also revealed that cluster relaxation
process observed in dielectric spectra is faster than the terminal relaxation, and the ratio of these
time scales depends on chemistry of the stickers'® (Fig. 6.9). Following the proposed
mechanism, we estimated the energy barrier (through eq. 6.9) to be E, ~ 16-17 kJ/mol for more
polar barbituric acid end groups and ~ 9 kJ/mol for less polar thymine end group (Table 6.3).

The obtained energy barrier (E,) with error is presented in the Table 6.3.

We assume that this energy barrier also originates from the immiscibility between polymer

backbone and chain ends can be estimated using a (8., — 8p15)*Veng. The solubility parameter
1 1
of chain end 8,4 is 28 MPaz and 27 MPaz for BA™® and TH%, respectively. The solubility

parameter for the PIB backbone is 15.8 MPaz 2. According to the chemical structure, the
molecular weight of the chain end is Mz, = 128 g/mol and My = 126 g/mol. In terms of the
density, it is pgs = 0.72g/cm3 and pry = 1.23 g/cm3, respectively. Thus, by using the similar
methods mentioned above, (8. — 8p1p)?Veng IS estimated to be 26 k/mol for PIB associating
polymers with BA, and 13 kJ/mol for PIB associating polymers with TH, respectively.
Comparison of these values with the estimated (Table 6.3) suggests that a value is ~0.6-0.7.
Thus, the proposed mechanism provides also good understanding for the network rearrangement

in other associating polymer systems with microphase separation.
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Figure 6.9 Activation plot of the telechelic PIB associating polymer (a) 8KBA2, (b) 14KBAZ2, (c)
AKTH2 reflecting the separation between tcr and ts*. Data from%* .
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Figure 6.9 Continued

Table 6.3 The estimated energy barrier Ea for 3 telechelic PIB associating polymers

Sample E,(kJ/mol)
SKBA2 16.3+5.5
14KBA2 17.1+£5.6
4KTH2 9.1+0.9
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6.4.4 A general molecular picture
Based on analysis of the presented above results, we propose a general picture of viscoelasticity
in associating polymers with microphase separation (Fig. 6.10b). Microphase separated clusters
possess a higher T4 value than the polymer matrix and their dynamics is governed by a timescale
of structural relaxation in these clusters, 7,,. Attimes t < 7, clusters are glassy and control the
rubbery plateau level. In such case, not only chain ends are fixed, but also the grafting density is
extremely high, resulting in chains crowding and stretching in an interfacial layer around these
clusters. These severely restrict segmental mobility and chain bending (similar to polymer
grafted nanoparticles), leading to a much higher elastic modulus'*3 183, In the absence of
percolation of the interfacial polymer regions, the mechanical reinforcement from the interfacial
layer is small, and mechanical strength of the associating polymer is mostly defined by the
rubber elasticity of network structure crosslinked by the clusters. However, in the case where
interfacial regions overlap, significant mechanical reinforcement is observed, which can be
ascribed to a percolation phenomenon (Fig. 6.10b). On time scale 7, <t < 7, stickers become
mobile within the clusters, and even if the grafting density is high, the segments in the vicinity of
clusters can easily rearrange and change conformations. This leads to a subsequent decrease of
the mechanical modulus in the interfacial layer down to the level expected in the rubber elasticity
theory. As a result, the macroscopic modulus level drops down significantly in the case of
percolated network as the effect of percolation fades away with the gradual softening of the
modulus in the interfacial layer. When there is no percolation, the decrease in the macroscopic
shear modulus is negligible until topological reorganization of network occurs at the terminal

relaxation time (z.). Att > 7., sticky ends start to move out of the cluster overcoming the free
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(a) Tc~Tpullout = Ta, exp(ay)
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No Percolation

ITC ~Tpulloyt : Ta, exp(ay)

log (G(t))

t < Tgq, T, <t <T¢ t >17¢ log (t)

Figure 6.10 (a) Cartoon of a single chain exchange process between two clusters which leads to a
macroscopic rearrangement of the network. (b) A qualitative picture of the shear modulus variation
with time for a microphase-separated associated polymer network with percolated interfacial
layers (red line) and with no percolation (blue line). Dashed lines mark two important time scales
of the system, 1,2 — relaxation in clusters of dynamic bonds, and tc — terminal relaxation defined
by the network rearrangement time.
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energy barrier due to their immiscibility with the polymer matrix, and subsequently diffuse to
another cluster. Through this single chain exchange process, macroscopic stress relaxation

happens within the network.

6.5 Conclusions
In this study, we investigated telechelic PDMS with functional groups forming microphase
separation due to their immiscibility with the polymer backbone. We demonstrated that
mechanical percolation model describes well the strong mechanical reinforcement observed in
these systems. Although the result is similar to what we achieved in Chapter 6 using mechanical
ILM, the percolation model is more appropriate to explain the mechanical reinforcement since
interfacial layers overlap in most of the studied samples. Moreover, our results and analysis
question the proposed earlier mechanism® of network relaxation through a merger of
microphase-separated clusters. Instead, we propose a chain-hopping mechanism of network
rearrangement borrowed from the field of microphase-separated block copolymer. It provides a
reasonably good description of the presented data even on a quantitative level. This mechanism
also describes earlier data on telechelic PIB%. Finally, we formulate a general molecular picture
describing the viscoelastic behavior of associating polymers. When microphase-separated
clusters are frozen, the system behaves as a permanent network, which show strong mechanical
reinforcement depending on whether there is percolation or not. Then, the softening of the
interfacial layer occurs upon the motion of functional groups inside the microphase separated
clusters, followed by the network rearrangement controlled by additional energy barrier defined

by immiscibility of stickers and polymer matrix.
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The presented analysis and the proposed mechanism provide a detailed understanding of the
viscoelastic behavior of associating polymers with microphase separation. These mechanisms
should not only work for telechelic associating polymers, but also for any associating polymer
with microphase separation. The developed understanding is of paramount importance for
rational design of advanced materials with enhanced mechanical properties, and better

recyclability.
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Conclusion Remarks and Future Directions

The research presented in this thesis provides a clear microscopic understanding and quantitative
description of how transient reversible bonds influence the dynamics and viscoelastic behavior of
associating polymers in the case of binary association and microphase separation. The results are
of vital importance for understanding how microscopic parameters controlling macroscopic
properties of associating polymers. The developed knowledge is also very important for

understanding the dynamic of soft matter in general.

For associating polymers with only binary association, we found a disagreement of bond
rearrangement timescale estimated from rheological measurement and bond dissociation time
estimated from dielectric measurement due to the bond lifetime renormalization mechanism. The
characteristic timescale of bond dissociation from dielectric measurement should be considered
as the true bond lifetime. Also, segmental relaxation process is essential to be considered to
estimate the bond dissociation energy. The systematical study of associating polymer with only
binary association provides a thorough experimental test of bond lifetime renormalization model,
with both intermediate bond strength and higher bond strength. Moreover, the Effective long
chains forms and reptation-like diffusion behavior found for telechelic polymers with molecular

weight far below the entanglement molecular weight.

In terms of the associating polymer with microphase separation, X-ray scattering measurement
verifies the existence of microphase separation of the functional groups, which also characterizes
the size of the clusters as well as the distance between clusters. Through careful analysis of the

dielectric spectra, the interfacial layer with restricted segmental mobility was characterized
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quantitatively with a thickness of ~ 0.7-0.9 nm. Then, through the analysis using mechanical
interfacial layer model and mechanical percolation model, the crucial role of the interfacial layer
on the mechanical reinforcement in microphase separated associating polymers was
unambiguously demonstrated. In addition, the research also demonstrates a mechanism of how
network rearrangement happens in associating polymer with microphase separation. We found
that it is the single chain hopping that results in network rearrangement. The chain pullout
process is the rate determining step for network rearrangement to happen, which needs to
overcome the enthalpy penalty due to the immiscibility. Finally, a clear molecular picture is
proposed about how the stress relaxation happens in associating polymer with microphase

separation, depending on whether there is percolation of the interfacial layer or not.
Some future directions of the research of associating polymers are presented as follow:

Recently, theoretical study unraveled that it is the sticker fraction that determines T4 and
segmental relaxation timescale of the associating polymers?°t. However, this idea has not been
experimentally tested yet. We are going to study associating polymers with several functional
groups placed as side groups along the chain, with functional groups either forming binary
interactions or microphase separated domains. In such case, we expect to see the same
microscopic dynamics as the telechelic associating polymer on condition that the functional
group have the same fraction. In terms of the macroscopic dynamics, the terminal relaxation is
expected to have Rouse-like behavior even without percolation, which is predicted by the Sticky-

Rouse model.

We are also planning to go into the field of vitrimers, which is another kind of associating

polymer with dynamic covalent bonds. The topic of vitrimers has been a heated research
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direction in the field of associating polymers in the past few years?*2-2%4, However, the research is
still in rudimental stage, especially the estimation of the stress relaxation time and activation
energy in many publications are questionable. Based on our experience of the study of
associating polymers with hydrogen bonding, we are trying to use similar methods to study
vitrimers. One of the important tasks is to observe bond dissociation process of the dynamic
covalent bond in vitrimers through dielectric measurement. In terms of the material, we are
trying to design and synthesize vitrimers with PDMS chain and imine bond or disulfide bond,

and study how such dynamic covalent bonds alter the overall viscoelastic behavior.
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