PHYSICAL REVIEW LETTERS 130, 228101 (2023)

Editors' Suggestion Featured in Physics

Dynamics of Associative Polymers with High Density of Reversible Bonds

Shifeng Nian ' Shalin Patil®,*" Siteng Zhang,5 Myoeum Kim,' Quan Chen,® Mikhail Zhernenkov,’
Ting Ge,” Shiwang Cheng®,** and Li-Heng Cai (Z£J/j1H)®'*>
1Soft Biomatter Laboratory, Department of Materials Science and Engineering,
University of Virginia, Charlottesville, Virginia 22904, USA
*Department of Chemical Engineering, University of Virginia, Charlottesville, Virginia 22904, USA
3Department of Biomedical Engineering, University of Virginia, Charlottesville, Virginia 22904, USA
4Departme‘nt of Chemical Engineering and Materials Science, Michigan State University, East Lansing, Michigan 48824, USA
5Depcm‘ment of Chemistry and Biochemistry, University of South Carolina, Columbia, South Carolina 29208, USA
8State Key Lab Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry,
Renmin St. 5625, Changchun 130022, Jilin, People’s Republic of China
"National Synchrotron Light Source-II, Brookhaven National Laboratory, Upton, New York 11973, USA

® (Received 3 May 2022; revised 2 February 2023; accepted 19 April 2023; published 31 May 2023)

An associative polymer carries many stickers that can form reversible associations. For more than
30 years, the understanding has been that reversible associations change the shape of linear viscoelastic
spectra by adding a rubbery plateau in the intermediate frequency range, at which associations have not yet
relaxed and thus effectively act as crosslinks. Here, we design and synthesize new classes of unentangled
associative polymers carrying unprecedentedly high fractions of stickers, up to eight per Kuhn segment,
that can form strong pairwise hydrogen bonding of ~20kp7 without microphase separation. We
experimentally show that reversible bonds significantly slow down the polymer dynamics but nearly
do not change the shape of linear viscoelastic spectra. This behavior can be explained by a renormalized
Rouse model that highlights an unexpected influence of reversible bonds on the structural relaxation of

associative polymers.
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An associative polymer may carry many moieties that can
form reversible bonds (Ref. [1] and therein). Unlike perma-
nent covalent bonds, a reversible association can break and
reform at laboratory timescales [2-9]. This process not only
slows down polymer dynamics but also dissipates energy,
enabling macroscopic properties inaccessible by conven-
tional polymers. As a result, associative polymers provide
solutions to some of the most pressing challenges in
sustainability and health (Ref. [10] and therein). For exam-
ple, associative polymers are widely used as viscosity
modifiers for fuels [11], lubricants [12], and paints [13],
to create tough self-healing polymers [14,15] and repro-
cessable supramolecular polymer networks [16-20], and to
engineer biomaterials with prescribed dynamic mechanical
properties critical to tissue engineering and regeneration
[21,22]. Thus, understanding the effects of reversible inter-
actions on the dynamics of associative polymers is of both
technological and fundamental importance.

All existing understanding of associative polymers is
built on a fundamental timescale—the lifetime of a revers-
ible association 7, which increases exponentially with the
activation energy E, [1,23-25]:

E,
Ty — T()GXP(kB—T>. (1)
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Here, kp is the Boltzmann constant, 7 is the absolute
temperature, and 7, the relaxation time of a Kuhn monomer
in the absence of stickers. Equation (1) implies two widely
accepted physical consequences about the dynamics of
associative polymers. First, the structural relaxation time 7,
is assumed to be independent of the concentration of
stickers. Second, introducing associations changes the
shape of the viscoelastic spectra by adding a rubbery
plateau between the structural relaxation and the lifetime
of the association, below which the associations have not
yet relaxed and thus effectively act as crosslinks. Moreover,
the width of the plateau, 7, /7, increases exponentially with
the activation energy.

The activation energy, E,,, is defined as the strength of an
association. For relatively simple pairwise associations
such as hydrogen bonding, the activation energy has been
assumed to be a constant determined by the bond strength.
This is the foundational assumption for all existing theo-
retical models (Refs. [24,26-29] and therein) including
ours [25]. Experimentally, the activation energy is mea-
sured through the change of polymer dynamics [23,30-32].
However, in almost all existing solvent-free experimental
systems, the interaction between stickers often leads to
nanoscale aggregations or even microphase separation;
examples include clusters formed by hydrogen-bonding
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groups at the two ends of a linear telechelic polymer
[11,28,31,33-37] and -z stacking of quadruple hydrogen
bonding formed by 2-ureido-4[1H]-pyrimidinone groups
[38]. Because the nanoscale cluster is distinct from its
surrounding environment, it creates both entropic and
enthalpic barriers that prevent dissociation; this precludes
a precise interpretation of experimentally measured
activation energy. Alternatively, dynamic hydrogels cross-
linked by reversible associations can be free of microphase
separation [10]. However, hydrogels contain solvents that
prevent probing the full linear viscoelastic spectra. As a
result, it has yet to be rigorously tested the relation between
the activation energy and the bond strength and the effects
of reversible interactions on the dynamics of associative
polymers.

In this Letter, we seek to experimentally answer two
fundamental questions about associative polymers. First,
what is the relation between the activation energy and the
bond strength of a pairwise association? Second, would
the reversible interactions affect the shape of linear visco-
elastic spectra of associative polymers? We are interested in
polymers with high concentrations of stickers close to and
higher than one per Kuhn segment. Such high concen-
trations often occur in experimental systems, and some-
times are even required to create polymeric materials with
optimized properties such as high stiffness and rapid self-
healing ability [18,19,39]. Yet little is understood about
the dynamics of associative polymers with high density of
reversible bonds.

We design model associative polymers using amide
groups as stickers, which form pairwise double hydrogen
bonding without microphase separation at high con-
centrations of stickers [39]. We copolymerize two mono-
mers, hexyl acrylate (HA) and 5-acetamido-1-pentyl acrylate
(AAPA), to create an associative polymer, (HA,_,AAPA,),,,
in which 7 is the degree of polymerization (DP) and 4 is the
molar fraction of the sticky monomer AAPA [Figs. 1(a)
and 1(b)]. Two sticky monomers can form an amide-amide
double hydrogen bond that crosslinks the polymers to form
a transient network [Figs. 1(c) and 1(d)]. Compared to the
spacer monomer HA, AAPA is essentially the same except
that it carries an amide group at one of its ends [Fig. 1(a)].
Thus, it is reasonable to assume that the Kuhn length b of
a reversible polymer does not change with 1. Each Kuhn
segment consists of on average 8.7 chemical repeating units
and that b =22 A (Sec. 1 of the Supplemental Material
[40]). The calculated entanglement modulus of PHA,
G, = 110 kPa, agrees well with experiments (dashed line
in Fig. S3 [40]). These results provide the basic polymer
physics parameters of associative polymers.

We develop a procedure to synthesize associative poly-
mers with a fixed DP ~ 250 but various A of 0, 0.084, 0.25,
0.52, 0.75, and 1.0 (Fig. S1, Tables S1 and S2, Secs. 1-3 of
the Supplemental Material [40]); these correspond to on
average 0, 0.7, 2, 4, 6, and 8 stickers per Kuhn segment.
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FIG. 1. Molecular design and structure of associative polymers.
(a) An associative polymer is synthesized by copolymerizing HA
and AAPA monomers. (b) Open circles: unpaired amide groups
(“open” stickers); A: fraction of stickers; n: degree of polymeri-
zation (DP). (c) Two amide groups form a pairwise hydrogen
bond of strength €, =~ 20kzT. Shadowed solid circles: “closed”
stickers. (d) A schematic of an associative polymer network.
(e) SAXS profiles of all unentangled associative polymers.

Moreover, the polymer MW 39 kDa is below the critical
value M, ~ 46 kDa, such that the effects of entanglements
are negligible. All polymers form homogeneous, amor-
phous liquids without nanoscale clusters, as evidenced by
the absence of characteristic peaks from small-angle x-ray
scattering (SAXS) measurements [Figs. 1(e) and S2] [57].
Importantly, the amide-amide bond is relatively strong,
€, = 20kgT [58], such that its effects on polymer dynamics,
if any, can be experimentally revealed.

The addition of stickers dramatically increases the
glass transition temperature 7, of associative polymers,
as shown by differential scanning calorimetry measure-
ments in Fig. S4[40]. As Aincreases fromOto 1, T’ increases
from —62.9 °C to —14.5 °C (circles, Fig. 2). Yet, increasing
the polymer MW from 39 to 157 kDa does not alter 7,
(squares, Fig. 2). Interestingly, the measured T, is higher
than that predicted by the Fox relation [59]: 1 /Tf/ =
> fi/T,, where Ti is the T, of homopolymer i,
and f; is the mass fraction of monomer units i in the
copolymer (dash-dotted line in Fig. 2). Moreover, the
change of T, exhibits a nonlinear dependence on 4,
contrasting recent theoretical prediction for a linear depend-
ence in T, shift for associative polymers with nanoscale
aggregations [28] (inset, Fig. 2). Further, 'H-NMR mea-
surements indicate a negligible amount of moisture nor
residue solvents in associative polymers (Sec. 1.8 of the
Supplemental Material [40]). These differences in T,
between our experiments and recent theories highlight the
unique glass transition behavior of homogeneous associa-
tive polymers with high sticker density (Sec. 1.3 of the
Supplemental Material [40]). Importantly, the dramatic
increase in T’y implies that reversible interactions enhance
monomeric friction to slow down polymer dynamics.

To further explore polymer dynamics, we quantify the
linear viscoelasticity of polymers (Sec. 2 of the Supplemental
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FIG. 2. The glass transition temperature T% of associative
polymers with A stickers. Dash-dotted line: Fox relation for T;
using the weight fraction f of stickers as the variable. Circles:
unentangled polymers with DP~250; squares: entangled poly-
mers with DP~1000 (Fig. S4 [40]). Dashed line: guidence for the
eye. Inset: AT;} = T;} — T2 vs A. Solid line: theoretical prediction
for telechelic associative polymers [28].

Material [40]) and use time-temperature superposition [60]
to construct master curves for the dependencies of storage
G'(w) and loss G” (w) moduli on oscillatory shear frequency
. Remarkably, the dynamics of the polymer with on average
0.7 stickers per Kuhn segment (4 = 0.084) is nearly identical
to that of the reference polymer without stickers (Fig. 3).
By contrast, existing theories predict that, for a bonding
strength ¢, ~ 20 kgT, the terminal relaxation should be
slowed by at least t,/7y~exp(e,/kzT)~ 10% times

[Eq. (1)]. Such a dramatic discrepancy demonstrates an
unexpected weak influence of strong reversible interactions
on the linear viscoelasticity of associative polymers without
microphase separation.

Further increasing sticker fraction significantly shifts the
master curves to lower frequencies (Fig. 3). Yet, the master
curves can be horizontally shifted to nearly perfect overlap
with each other in the intermediate and low frequency
regions (Figs. S5-S7). These results show that reversible
associations slow down polymer dynamics but almost do not
change the shape of the viscoelastic spectra. This behavior is
in striking contrast to that predicted by the classic sticky-
Rouse model for unentangled associative polymers: revers-
ible associations change the shape of linear viscoelastic
spectra by adding a rubbery plateau in the intermediate
frequency range, at which associations have not yet relaxed
and thus effectively act as crosslinks [31,33,35,62-65].

To explain our remarkable observations, we propose a
renormalized Rouse model to account two unique features
of our associative polymers: (i) the fractions of stickers are
high with values no less than one per Kuhn segment;
(ii) there is no microphase separation in the melt. Thus,
although a reversible polymer is a random copolymer
consisting of spacer and sticky monomers, there is no
chemical and physical inhomogeneity at length scales no
smaller than Kuhn segment, the elementary unit of polymer
physics models. We therefore treat the reversible polymer
as a homopolymer consisting of renormalized Kuhn seg-
ments with a relaxation time 7. The Rouse relaxation
modulus for polymers with sticker fraction 4 is
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FIG. 3.

Linear viscoelasticity of unentangled associative polymers. Master curves of storage (G”) and loss (G”) moduli as a function of

angular frequency w at a reference temperature 7', = 20 °C. Solid lines represent the fit of the sum of renormalized Rouse model for low-
frequency behavior, G,£(7) [Eq. (2)], and Kohlrausch-Williams-Watts (KWW) model [61], G,(t) = G,(0) exp[—(t/zgww)”], for high-
frequency glassy dynamics: G(1) = G,g(1) + G,(1). G,(0): glassy modulus at # — 0; 7y : characteristic time of glass relaxation.
p describes the distribution of glass relaxation modes: The lower the value of f, the broader the mode distribution (Sec. 1.6 of the
Supplemental Material [40]); fitting parameters are listed in Table S1. The modulus shift factors b; = pT/p,T,, where p,. is the polymer
density at 7,, and T is the absolute temperature at which measurements are performed. Inset: timescale shift factors ary.
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in which w;;, M;,, and N;; =M, ,;/M,(4) are, respec-
tively, the weight fraction, MW, and the number of Kuhn
monomers of the i th polymer with sticker fraction 4. Here
My(2) = ng[mya (1 — A) + maapad] is the mass of a Kuhn
monomer with sticker fraction 4, in which my, = 156 Da,
mapapa = 199 Da, and the n; = 8.7 is the number of
chemical monomers per Kuhn segment.

We emphasize that 7, cannot be viewed as the renor-
malized lifetime of a sticker in the classic sticky-Rouse
model [25,37]. In this model, the renormalized lifetime is
defined as the average time for a closed sticker to dissociate
from a bond to form a new bond with a new open sticker.
Thus, it becomes easier for an open sticker to find a new
partner at higher concentrations of stickers. And the sticky-
Rouse model predicts that the renormalized lifetime
decreases with the sticker concentration [25]. By contrast,
for our associative polymers, each renormalized Kuhn
segment is an effective sticker, and the concentration of
effective stickers is always a constant one. Thus, 74, can be
viewed as the basic monomeric relaxation time of the
renormalized polymers.

We quantify 7,y by using Eq. (2) to fit the low o
relaxation behavior of the measured moduli [30]. In Eq. (2),
the MW distribution w; ; is directly determined from size
exclusion chromatography (Sec. 2 of the Supplemental
Material [40]), and the basic polymer physics parameters
are predetermined from synthesis. Thus, all input param-
eters are given by experiments except . Using 7, as the
only adjustable parameter, we obtain nearly perfect fit to
experiments [lines in Fig. 3(b)]. This one-parameter fitting
allows precise quantification of z,(4,7,), as listed in
Table S1 [40].

Interestingly, at reference temperature 7, = 20°C the
segmental relaxation time increases nearly exponentially
with A:

70(4 T,) = 7,(0,T,) exp(aT/l), (3)

in which 7,4(0,7,) = 3.7 x 1077 sec is the relaxation time
of a PHA Kuhn monomer without reversible interactions,
and ay_is a fitting parameter of 8.9 4 1.2 [dashed line to
squares in Fig. 4(a)]. Accounting for the correction of
7,0 due to the slight increase in monomer mass with 4
results in a negligible difference [solid line to circles in
Fig. 4(a)]. Expression (3) indicates that at room temper-
ature the apparent activation energy increases linearly
with the concentration of stickers, E,/kgT, = ar A. This
behavior contrasts the widely accepted understanding that
the activation energy is independent of sticker concen-
tration [24-29]. Moreover, as the reference temperature
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FIG. 4. Structural relaxation of unentangled associative poly-
mers. (a) Relaxation time of a renormalized Kuhn monomer, 7,
at T, = 20°C. Lines are the best fit to experiments using Eq. (3).
Dashed line is for data (squares) using the relaxation of a pure
PHA monomer as 74(0,7,), and the fitting parameter ay =
8.9+ 1.2 [Eq. (3)]. Solid line is for data (circles) with the
correction of 7y, due to the slight increase in monomer mass with
A, and ar = 8.6 £ 1.2. Inset: Diffusion time 7;; of a 9-mer
molecule vs A in the atomistic simulations at 7 = 500 K.
(b) 7,0(4. T) at various temperatures and 1 vs T — T4. Solid line:
the best using Eq. (4). Inset: 7, vs reduced temperature T / T.

decreases, ay, increases but similar linear dependence
persists (Fig. S8 [40]). The experimentally observed linear
behavior can be qualitatively captured by atomistic simu-
lation for melts of pure Kuhn monomers at a high temper-
ature 500 K, which reveals that the relaxation time of a
Kuhn monomer increases exponentially with the fraction
of stickers [inset, Fig. 4(a); Sec. 1.7 of the Supplemental
Material [40]]. These results show that despite a linear
dependence of the apparent activation energy on the
fraction of stickers, there is no direct connection between
the strength of a pairwise bond and the absolute value of the
activation energy. Importantly, our results indicate that the
apparent activation energy depends on temperature.

To explore the dependence of segmental relaxation time
on temperature, we construct the master curves at various
reference temperatures, and use the same procedure to
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determine 74(4, T'). Remarkably, plotting 7,o(4, T') against
Tf, /T collapses almost all monomeric relaxation times to a
master curve [inset, Fig. 4(b)]. Similarly, a master curve is
obtained by plotting 7,(4,T) against the distance from
glass transition, 7' — Tg [symbols in Fig. 4(b)]. Moreover,
the master curves can be described by a non-Arrhenius,
Williams-Landel-Ferry like dependence on temperature
[solid line in Fig. 4(b)]:

T/I - Tiso

n7(T,2) = —25.1 4 "ho
nzy(7.4) T, — T +51.7

4)

in which 7, = T — T%, and T}y, = 6.5 °C is the isofrictional
temperature. Here, the fitting parameters 25.1 4+ 1.1 and
(51.7£4.1) K are valid to our associative polymers but
not necessarily to other polymers. The first parameter is
related to the free volume at 7',, whereas the latter is related
to the Vogel temperature at which the free volume is zero,
which is about 50 K below the glass transition [60].

Equation (4) indicates that, for any fixed sticker fraction,
the temperature dependence of the ratio between the lifetime
of a renormalized Kuhn segment to that of a Kuhn segment
without stickers, [d/d(1/T)]In[zy(T, A #0)/74(T,0)], is
not a constant. Thus, for a given A, a constant apparent
activation energy cannot be obtained across the explored
temperatures. This behavior is consistent with the temper-
ature dependence of ar [Eq. (3)], but is fundamentally
different from the classic sticky-Rouse model that has a
constant activation energy at all temperatures [Eq. (1)].
Understanding the molecular origin of reversible interactions
on structural relaxation is beyond the scope of this Letter and
will be the subject of future explorations. Nevertheless, our
results show that the renormalized Rouse model provides a
universal description of the dynamics of associative poly-
mers with high densities of reversible bonds: Reversible
interactions slow down the polymer dynamics by decreasing
the elementary timescale associated with structural relaxa-
tion without changing the shape of linear viscoelastic spectra
of polymers.

In summary, we have developed unentangled associative
polymers carrying unprecedented high concentrations of
stickers that can form pairwise interactions without micro-
phase separation. The reversible interactions significantly
slow down the polymer dynamics but nearly do not change
the shape of linear viscoelastic spectra. Our experimental
observation can be well described by a renormalized Rouse
model, in which a reversible polymer is treated as a
homopolymer consisting of renormalized Kuhn monomers.
The segmental relaxation time 7,y(4, T) depends on both
the concentration of stickers and temperature. Remarkably,
at a given temperature, 7,0(4,7) increases exponentially
with the concentration of stickers. Moreover, introducing
stickers increases the polymer glass transition temperature.
Although the increase does not follow the Fox relation, it is

in line with the slowdown of polymer dynamics, which
exhibit a universal yet non-Arrhenius dependence of
structural relaxation time on the distance from glass
transition temperature.

At a relatively low fraction of stickers, 0.3 per Kuhn
segment (4 = 0.04), the polymer exhibits no microphase
separation [Fig. 1(e)] and a negligible slowdown in
polymer dynamics (Fig. S5). Together with the data on
high sticker concentrations, this behavior suggests that the
absence of microphase separation is critical to the observed
unconventional linear viscoelasticity of associative poly-
mers. Further, it implies that the concept of renormalization
may be extended to sticker fractions less than one per Kuhn
segment. However, it has yet to be determined whether
the renormalized Rouse model holds at very low sticker
fractions, as there may be a critical sticker fraction below
which the dynamics behaves like classical telechelic
associative polymers [28]. Interestingly, the width of the
glass transition zone increases with sticker density (Fig. 3,
Table S1, and Sec. 1.6 of the Supplemental Material [40]).
Moreover, at the maximum sticker concentration (4 = 1),
the shift factors deviate from the master curve [diamonds,
Fig. 4(b)]. We speculate that reversible interactions pro-
mote local alignment of Kuhn segments to facilitate their
cooperative motion; this would increase the number of
relaxation modes and thus broaden the glass transi-
tion zone.

Nevertheless, our findings reveal an unexpected influ-
ence of reversible interactions on the structural relaxation
rather than the viscoelastic spectra of associative polymers.
Thus, our associative polymers provide a system that
allows for investigating separately the effects of reversible
interactions on chain relaxation and glassy dynamics; this
may offer opportunities to improve the understanding of the
challenging physics of glass transition of polymers [66].
Perhaps more importantly, our discoveries show that the
fraction of stickers, in addition to the conventionally
thought sticker-sticker binding energy, is another dominant
parameter controlling the dynamics of associative polymers
without microphase separation, and thus represent a para-
digm shift in the development of supramolecular materi-
als [18,21].
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