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A B S T R A C T   

We conducted a nonequilibrium dissipative particle dynamics simulation on the linear and nonlinear viscoelastic 
behaviors of polymer melt associated with hydrogen bonds. The effects of the number of hydrogen bonding 
groups and the strength of hydrogen bonding on viscoelasticity were examined. The simulation results show that 
the polymers with strongly associating hydrogen bonds exhibit supramolecular networks, and their motion 
displays some similarities to that of polymer melts following the Reptation model. The strain hardening is due to 
the strain-induced stretching of polymer chains in the supramolecular networks. The number and lifetime of 
hydrogen bonding have a combined impact on the dynamic and linear viscoelastic behaviors of self-associative 
polymers. The storage moduli increase linearly with increasing the numbers of hydrogen bonding groups as the 
lifetime of hydrogen bonds is comparable to or larger than the relaxation time of polymer chains. In contrast, 
hydrogen bonding has a less pronounced influence on the dynamics and viscoelasticity as the lifetime of 
hydrogen bonds is minimal. The results are closely aligned with the experimental findings and provide a deep 
insight into the viscoelasticity of self-associative polymers via hydrogen bonds.   

1. Introduction 

Supramolecular polymers, which are held together with directional 
and reversible secondary interactions, have attracted wide attention for 
their distinct properties derived from the reversibility of secondary 
bonds [1–6]. The reversibility of secondary bonds endows them wide-
spread applications as stimuli-sensitive, self-healing, adhesive, and 
shape-memory materials. The secondary interactions, including 
hydrogen bonding, metal-ligand, π-π stacking, ionic interactions, and 
solvophobic interactions, can be dynamically broken and reformed in a 
specific time scale [7–11]. As a result, supramolecular polymers func-
tionalized with reversible linkers can exhibit unusual and tunable 
viscoelastic behaviors relative to their nonassociative counterparts. 

Among all supramolecular interactions, hydrogen bonding remains a 
topic of most interest due to its extensive existence [12–17]. In recent 
years, a number of studies have revealed that hydrogen bonding has a 
significant impact on the viscoelasticity of supramolecular polymers 
[18,19]. This impact is mainly determined by the strength and content 
of hydrogen bonding. For instance, Lewis and coauthors prepared 
multiple poly(butyl acrylate) copolymers bearing different types of 

hydrogen bonding groups (HBGs) and examined the influence of 
hydrogen bonding strength on viscoelasticity [20]. They found that the 
copolymers with weak HBGs behave as unentangled melts and exhibit 
enhanced dynamic moduli with increasing the number of binding 
groups. In contrast, the copolymers with strong HBGs exhibit the salient 
feature of entangled networks. 

Seiffert conducted a series of studies on the linear rheology of su-
pramolecular polymers and concluded that the noncovalent association 
could result in the increase of longer relaxation time (τl) and storage 
modulus (G′) on timescales longer than τl and the decrease in frequency- 
dependent power-law scaling of G′ [21]. Shabbir et al. synthesized neat 
poly(n-butyl acrylate) (PnBA) and four PnBA-poly(acrylic acid) co-
polymers with various contents of acrylic acid groups and investigated 
their rheological behaviors [22]. They found that on timescales longer 
than reptation time, the dynamic moduli increase linearly with the 
number of hydrogen-bonding groups. In addition to linear viscoelas-
ticity, associative polymers usually show rich nonlinear viscoelasticity, 
including strain hardening and strain softening [23–26]. Huang et al. 
studied the nonlinear rheological properties of poly(vinyl alcohol)/-
borate hydrogels and revealed the mechanisms of strain hardening [27]. 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: jlin@ecust.edu.cn (J. Lin), lq_wang@ecust.edu.cn (L. Wang).  

Contents lists available at ScienceDirect 

Polymer 

journal homepage: www.elsevier.com/locate/polymer 

https://doi.org/10.1016/j.polymer.2021.124301 
Received 26 June 2021; Received in revised form 16 October 2021; Accepted 21 October 2021   

mailto:jlin@ecust.edu.cn
mailto:lq_wang@ecust.edu.cn
www.sciencedirect.com/science/journal/00323861
https://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2021.124301
https://doi.org/10.1016/j.polymer.2021.124301
https://doi.org/10.1016/j.polymer.2021.124301
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2021.124301&domain=pdf


Polymer 235 (2021) 124301

2

They found that strain-induced non-Gaussian stretching mainly results 
in the intercycle strain hardening when the Deborah number (De) is 
larger than 1. 

However, the interplay of polymer dynamics, sticker dynamics, 
polydispersity, and dynamics of possible aggregated structures in poly-
mer melt makes interpreting the experimental data very difficult. 
Moreover, multiple timescales, including the lifetime of hydrogen bonds 
and the relaxation time of polymer chains, are coupled to play a central 
role in the dynamics and viscoelasticity of supramolecular polymers [28, 
29]. Due to the complexation, little is known about the physical origin of 
enhanced viscoelasticity under the influence of hydrogen bonding. For 
instance, the strain hardening of storage moduli could be attributed to 
either the shear-induced stretching of polymer chains or the 
shear-induced increment in the number of elastically active chains. 
Hence, systematically investigating the viscoelasticity of 
hydrogen-bonded polymers is desired for rational design and 
applications. 

So far, theory and simulation methods have been developed to study 
the mechanical and rheological properties of supramolecular polymers 
[30–38]. Rubinstein and Semenov have conducted a series of theoretical 
studies on the dynamics and viscoelasticity of associative polymers [28, 
33,39–41]. They found that the dynamics of associative polymers are 
dominated primarily by the effective lifetime of reversible junctions and 
the network strand size. Moreover, slip-link models coupled with 
reversible cross-links are established to investigate the dynamic and 
viscoelastic properties of associative polymers [42–44]. For instance, 
Mateyisi et al. employed a slip-link model to examine the effect of weak 
reversible cross-linkers on the relaxation modulus. They found that the 
associative system exhibits a delayed terminal relaxation and a much 
higher first plateau in the elastic modulus than the nonassociative sys-
tem [44]. In addition, dissipative particle dynamics (DPD) is a valuable 
tool for studying the rheological behaviors of copolymers [45–47]. 
Ganesan and coauthors utilized a nonequilibrium oscillatory shear 
technique based on DPD to investigate the viscoelastic properties of gels 
formed by amphiphilic triblock copolymers [46]. They found that the 
elastic modulus increases with increasing polymer concentration and 
demonstrated that the results well agree with other theoretical pre-
dictions and experimental observations. Xu et al. adopted DPD to study 
the dynamic and mechanical properties of the associative polymer via 
hydrogen bond [31]. It was found that supramolecular multicompart-
ment gels show similar stiffness to nonassociative systems but higher 
toughness and recovery properties than nonassociative systems. 

In this work, we conducted nonequilibrium DPD simulations to 
investigate the linear and nonlinear rheological properties of linear 
polymer associated with hydrogen bonds in melted states. The effects of 
the number of HBGs and the strength of hydrogen bonding on visco-
elasticity were examined. It was found that associative polymers with 
high numbers of HBGs behave like entangled networks and exhibit strain 
hardening at large strain amplitude. The strain hardening results from 
the strain-induced stretching of chains before the network breaks. 
Moreover, the mean number and lifetime of hydrogen bonds are coupled 
to affect the dynamics and linear viscoelasticity of associative polymers. 
We expect that this work could provide new insights into the viscoelastic 
behaviors of associative polymers and offer valuable information for 
designing advanced supramolecular materials based on hydrogen 
bonding. 

2. Models and methods 

2.1. Model and condition 

We considered a coarse-grained model of self-associating polymers 
based on the synthesized polymers consisting of a linear polymer 
backbone and numbers of HBGs reported in the literature [12,20,22,48]. 
The dissipative particle dynamics (DPD) method developed by Hoo-
gerbrugge and Koelman was employed for the present study (More 

details of the DPD method are described in section 1 of supporting in-
formation) [49,50]. In the DPD simulation, a bead-spring chain was used 
for the polymers. The bond was set to be rigid, with a spring constant C 
= 100 and an equilibrium bond distance req = 0.85. In the standard DPD, 
a polymer with a soft bond (req = 0) was often employed to utilize fast 
relaxation. However, the soft bond is allowed to expand in an unphysical 
way easily [51]. We, therefore, used the rigid bond to reduce the 
unphysical expansion of the bond. 

Fig. 1 shows the DPD model of self-associating polymers. As shown, 
each polymer consists of a linear backbone A and eight side groups B 
uniformly distributed along the backbone. The backbone and each side 
group comprise 52 and 1 beads, respectively, and the free end block of 
the backbone contains one bead (L = 1). In half of the polymer chains 
(acceptor-containing polymers), some (or all) of the B beads were 
treated as acceptors (red colors); in the other half (donor-containing 
polymers), the same number of B beads represent "hydrogen" (red 
colors). The remainder of B beads in acceptor- and donor-containing 
polymers, denoted by blue beads, cannot form hydrogen bonds. The 
intrachain hydrogen bonding is excluded, and only the interchain 
hydrogen bonding exists. 

The acceptor-hydrogen-donor (AHD) 3-body interactions, which 
have the same functional form as DREIDING force field, describes the 
hydrogen bonds between side groups B [52] 

Uhb(rAD)=

{
kA
(
20rAD

− 12 − 24rAD
− 10)cos4θAHD for  rAD <Rc  and  θAHD > θc

0 or  else
(1)  

where Rc = 2.5rc is the cutoff distance. θc and kA are the cutoff angle and 
force constant, respectively, which can be adjusted to simulate the sys-
tems with different strengths and directions of hydrogen bonding. Un-
less specified otherwise, the kA and θc are 5.0kBT and 150◦, respectively. 
rAD is the radial distance between acceptor and donor, and θAHD repre-
sents the angle among the acceptor, hydrogen, and acceptor beads. Only 
when rAD is smaller than Rc and θAHD is larger than θc, hydrogen bonds 
between side groups B in two different chains form. The repulsive pa-
rameters between the same kinds of beads were all set to be 25kBT/r 2

c , 
and those between different types of beads were chosen to be 30kBT/r 2

c . 

2.2. Nonequilibrium simulation 

Nonequilibrium simulation coupled with oscillatory shear technique, 
described in detail in our previous works, is employed to study the 
viscoelasticity of associative polymer melts [47]. The “fix deform” 
function in the large-scale atomic/molecular massively parallel simu-
lator (LAMMPS) [53] is applied, which is conceptually identical to the 
most widely adopted Lees-Edwards boundary conditions [54]. An 
additional velocity is applied to the bead to introduce a shear field. The 
motion equations of the ith bead are given by the SLLOD algorithm [55] 

dri

dt
= vi + exγ⋅ ri,y

mi
dvi

dt
= fi − miexγ

⋅ vi,y

(2)  

where ex is the normalized vector, the subscript x represents the x- 
component of the vector. fi, ri, and vi are the force, position, and velocity 
of ith bead, respectively. The shear rate γ̇ is the time derivative of shear 
strain γ. The stress response is monitored, which varies sinusoidally in 
the linear viscoelastic region, as a sinusoidal strain is applied to the 
simulation box. The mathematical expressions are given by 

γ = γ0 sin(ωt), σxy = σ0 sin(ωt+ δ) (3)  

where δ is called lag angle or phase angle, and the stress can be 
decomposed into two components: γ0G′ sinωt and γ0G′′cosωt, where G′ is 
the storage modulus and G′′ is the loss modulus 
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G′

=
σ0

γ0
cos(δ),  G˝ =

σ0

γ0
sin(δ) (4) 

The σxy can be obtained readily through the tensor version of the 
virial theorem 

σ =
1
V

〈
∑

i
mivivi +

1
2
∑

i∕=j

rijFij〉 (5)  

Here, V is the volume of the simulation box, Fij is the force applied on 
bead j by bead i, and the angular bracket denotes an ensemble average. 

The simulations were conducted in a 30 × 30 × 30 rc
3 box with 

81000 beads randomly distributed. Standard DPD simulation with pe-
riodic boundary conditions was performed by the LAMMPS [53]. The 
velocity-Verlet algorithm with a time step of Δt = 0.01τ was applied for 
1 × 107 DPD steps. In the DPD simulation, we first turned off the 
hydrogen bonding interactions until the polymers are homogeneously 
mixed and then turned on the hydrogen bonding interactions for the 
simulation. After the system reaches equilibrium, the nonequilibrium 
oscillatory shear with varying amplitudes and periods was imposed. In 
each case, we run the nonequilibrium simulations twice to get reliable 
results. 

3. Results and discussion 

The present work focuses on the viscoelasticity of polymer melt 
associated with hydrogen bonds. First, we examined the nonlinear 
viscoelasticity of polymer melt with varied numbers of HBGs. Then we 
focused on the linear viscoelasticity of these self-associative polymer 
melts. The effects of the number of HBGs and the strength of hydrogen 
bonding on viscoelasticity were studied. Finally, these results were 
compared with existing experimental observations. 

3.1. Nonlinear viscoelasticity of polymer melt associated with hydrogen 
bonds 

Generally, supramolecular polymer networks exhibit abundant 
nonlinear viscoelastic properties, including strain softening and strain 
hardening [26]. We started with the study of nonlinear viscoelasticity of 
self-associative polymer melts with varying numbers (Ns) of HBGs. Fig. 2 
shows the G′ and G′′ of polymer melts with various Ns as a function of 
strain amplitude under the shear frequency of ω = 0.01τ− 1. The G′ and 
G′′ in the nonlinear regime were obtained by fitting the stress curve with 
a single-harmonic sine wave [56]. The Ns = 0 means that there is no HBG 
on the backbone. The arrangement of HBG along the backbone chain 
with various Ns is shown in Fig. S1a. For the strength of hydrogen 
bonding we studied, the HBG arrangement has little impact on visco-
elasticity. For example, we constructed three models for Ns = 4 with 

Fig. 1. DPD model of self-associating polymers constituted by a linear backbone A (denoted by the green line) and eight side groups B. For side groups, both acceptor 
and hydrogen are denoted by red beads, and the reminding inactive side groups are denoted by blue beads. The donors on the backbone are explicitly indicated by 
green beads. L denotes the length of free end blocks. Four B side groups are treated as hydrogen or acceptor. Each red B side group can form hydrogen bonds with 
another red B side group on the other chain, as shown in the enlarged view. The 3-body acceptor-hydrogen-donor potential describes the hydrogen bonding 
interaction, where rAD is the radial distance between acceptor and donor, and θAHD represents the angle among the donor, hydrogen, and acceptor. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. (a) Storage moduli (G′) and (b) loss moduli (G′′) versus strain amplitude 
for polymer melts with varying numbers of HBGs (Ns) under the shear fre-
quency of ω = 0.01τ− 1 (τ is the time unit used in DPD simulation). γc and γm 
represent the strain amplitudes at which strain hardening and strain softening 
start to appear, respectively. 
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multiple sequences of HBGs, including alternative, center, and two-end 
distributions (see Fig. S1b). Figs. S1c and d show a comparison of G′ and 
G′′ for systems with various sequences of HBGs. The G′ (and G′′) of the 
three systems are close to each other over the entire frequency range, 
indicating that the influence of the HBG arrangement on the viscoelas-
ticity is minimal. 

As shown in Fig. 2, the strain-independence of G′ and G′′ was 
observed in the small-strain regime for all systems. For the systems with 
Ns = 0 and 2, the G′ and G′′ decrease with the increase of strain in the 
large-strain regime, which is termed as strain softening. By contrast, 
strain hardening (dynamic modulus increases with increasing the 
strain), followed by strain softening, in the G′ and G′′ at large strain 
amplitudes was observed for the systems with Ns = 4, 6, and 8. The 
strain amplitude γc at the onset of strain hardening is ca. 1.77 for the 
system with Ns = 4, larger than that for the systems with Ns = 6 and 8 
(both are ca. 1.0). In addition, the extent of increase in G′ and G′′ for the 
system with Ns = 4 is much smaller than that for the systems with Ns = 6 
and 8. These results indicate that the supramolecular network can form 
in the systems with Ns = 4, 6, and 8, and the associative groups increase 
with increasing Ns. 

So far, two possible mechanisms have been proposed to account for 
strain hardening in storage moduli [23,24,27]. One is the stretching of 
chains before the network breaks, and the other is the strain-induced 
increment in the number of elastically active chains. The mechanism 
was revealed by experimentally investigating the relaxation time of 
networks, the phase angle, and the degree of strain hardening [27]. 
Nevertheless, a molecule-level insight into the origin of strain hardening 
is lacked and desired. In the present work, we can reveal the mechanisms 
by analyzing the mean bond length (<lb>) and the mean number 
(<Nh>) of hydrogen bonds, respectively. The <Nh> is conceptually 
identical to the number of elastically active chains due to the absence of 
intrachain hydrogen bonding. Fig. 3 shows the <lb> and <Nh> for the 
systems with various Ns as a function of strain amplitude. The <lb> and 
<Nh> are calculated based on 1000 data over five oscillatory periods. As 
shown, both the <lb> and <Nh> show strain-independence in the 
small-strain regime. It is interesting to find that the <lb> in systems with 
Ns = 6 and 8 starts to increase as γ is about 1. At the same strain, the 
strain hardening in G′ starts to appear (see Fig. 2a). In addition, there is 
no dramatic increase in the <Nh> during the strain hardening. A similar 
phenomenon exists in the system with Ns = 4. These results demonstrate 
that the strain-induced stretching of polymer chains in the supramo-
lecular network contributes to the strain hardening of G′. 

The <Nh> for the systems with Ns = 2 keeps almost unchanged over 
the whole strain, while those for the systems with Ns = 4, 6, and 8 start to 
decrease as the strain amplitude is higher than a critical value γx. The 
critical values γx in Fig. 3b are consistent with the γm (at which storage 
moduli reach a maximum) in Fig. 2a, indicating that the strain softening 
in the supramolecular network is closely related to the mean number of 
hydrogen bonds. The decrease of <Nh> implies the loss of associative 
groups. In addition, for the systems without network (Ns = 0 and 2), the 
increase of <lb> in Fig. 3a takes place as strain amplitude is ca. 1.77, 
which is consistent with the strain amplitude at the onset of strain 
softening (Fig. 2a). This implies that the increase of <lb> in systems with 
Ns = 0 and 2 are closely related to the strain softening in G′. The 
increased <lb> probably results from the orientation of polymers along 
the shear direction, implying the easy motion of polymer chains and 
decreased storage modulus. The number of hydrogen bonds has no 
apparent increase during strain hardening; the strain hardening in su-
pramolecular networks originates from the strain-induced stretching of 
polymer chains. The physical origin of strain hardening is revealed on 
the molecular scale in the simulations. 

3.2. Linear viscoelasticity of polymer melts associated with hydrogen 
bonds 

The effect of hydrogen bond numbers on the linear 

viscoelasticity In this subsection, we focused on the linear viscoelas-
ticity of associative polymer melt with various numbers of hydrogen 
bonds. According to Fig. 2, the strain γ = 0.1 within the linear regime 
was adopted in the following simulations. Fig. 4 shows the G′ and G′′ of 
associative polymer melts with various Ns versus shear frequency ω. The 
moduli at lower and higher frequencies are not shown because of the 
limitation of simulation methods. For the system without hydrogen 
bonding (Ns = 0), the terminal behavior of G′~ω2 at low frequencies and 
the relationship of G′~ω0.5 at high frequencies demonstrate that the 
system generally obeys the Rouse dynamics [57,58]. The frequency at 
which G′ displays a turning point is the inverse of Rouse relaxation time. 
By calculating the relaxation spectra of the normal modes, we can gain 
the longest relaxation time (i.e., Rouse relaxation time) [58]. As shown 
in Fig. S2, the Rouse relaxation time has a value of 435.1τ, which is 
consistent with the frequency of turning point in Fig. 4a. 

The systems with Ns = 4, 6, and 8 show rubbery-like behaviors 
because of the plateau in the G′ (G′~ω0). This represents the formation 
of supramolecular networks. The association of hydrogen bonds results 
in the decline of the exponent in the power-law dependence. Addition-
ally, it was observed that the hydrogen bonding has a striking impact on 
the G′ but a less marked effect on the G′′. The G′ increases dramatically 
with the increase of Ns, mainly at low frequencies. In addition, a com-
parison between G′ and G′′ for various systems was made (Fig. S3). As 

Fig. 3. (a) Mean bond length (<lb>) and (b) mean number (<Nh>) of hydrogen 
bonds as a function of strain amplitude for polymer melt with varying numbers 
Ns of HBGs. γx represents the critical strain amplitude at which <Nh> starts 
to decrease. 
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shown, for the systems with Ns = 0 and 2, the G′′ is larger than G′ over 
the entire frequency range, indicating liquid-like viscoelasticity. The 
terminal behavior was not observed for the system with Ns = 2 in the 
frequency range applied, implying that the association of HBGs in-
creases the longest relaxation time. Meanwhile, the G′ is higher than G′′

at low frequencies for the systems with Ns = 4, 6, and 8. A crossover of G′

and G′′ is observed at high frequency, indicating that a solid-to-liquid 
transition occurs with increasing the shear frequency. According to 
the rubber elasticity theory, we can calculate the plateau modulus of the 
network structure, GN = nkBT/V, where n is the number of elastically 
effective strands [59]. For the system with Ns = 8, the <Nh> in the 
equilibrium state is 10378.6, and therefore GN = 0.384kBTr− 3

c , which is 
consistent with the value shown in Fig. 4a. 

In order to characterize the formation of percolation networks, we 
calculated the weight-average degree of polymerization (Xw) for systems 
with various Ns. The Xw is given by 

Xw =

∑
Ni

2
∑

Ni
(6)  

where Ni is the total bead number of ith chain. Once a hydrogen bond 
forms between two chains, the two chains are treated as one chain. 
Because the periodic boundary condition was adopted in the simulation, 

each system contains virtually unlimited numbers of the same boxes 
called images. As such, we built up an expanded box containing Nimage 
images and then calculated the Xw in the expanded box. Xw is inde-
pendent of Nimage if the polymer chains form discrete clusters, but Xw 
increases with the increase of Nimage if percolation networks form [60]. 
Fig. 5a shows the dependence of Xw on Ns for polymer melts with various 
Nimage. The Xw at various Nimage increases rapidly and then keeps almost 
unchanged as the Ns increases. In addition, the Xw for systems with Ns =

4, 6, and 8 increases dramatically with increasing Nimage, demonstrating 
the percolation networks form in these systems. 

To discern the role of hydrogen bonding, we calculated the mean 
number (<Nh>) of hydrogen bonds based on 1000 data for the self- 
associative polymer melt at an equilibrium state. Fig. 5a also shows 
the <Nh> as a function of the HBG number Ns. We can see that the <Nh>

increases linearly with Ns, indicating more hydrogen bonds form in 
polymers with more HBG numbers. Fig. 5b shows the dependence of 
storage moduli G′ on <Nh> at fixed frequencies of ω = 0.1 and 0.01. As 
shown, both G′ at two frequencies increase linearly with <Nh>, 
demonstrating that the <Nh> plays a vital role in the viscoelasticity of 
self-associative polymers. A similar finding was observed by Serffert 
[21], who explained the underlying mechanism by dividing the G′ of 
supramolecular polymers into two parts, those are, G′

polymer and G′
sticker. 

The G′
polymer and G′

sticker originate from the relaxation of polymer chains 
and sticker-related dynamics, respectively. The G′

polymer remains un-
changed for various systems, while the G′

sticker increases linearly with 
the number of hydrogen bonding, resulting in the linear increase of the 
total storage modulus G′. Our simulation results are consistent with the 
experimental results. 

To understand the dynamics of polymer chains, we calculated the 
mean square displacements (MSDs) of polymer beads (including HBGs) 
in the equilibrium state, as shown in Fig. 5c. The calculation details of 
MSD can be found in section 5 of supporting information. All the MSD 
curves are nearly superposed within a short-time scale with the slopes v 
close to 1.0 in double logarithmic coordinates, indicating the effect of 
hydrogen bonding on the short-time motion of polymer beads is less 
pronounced. For the polymers with Ns = 0 and 2, the slopes v of the 
MSDs approach 0.5 and 1.0 in intermediate- and long-time scales, 
respectively. The result demonstrates that the polymer chains obey 
Rouse dynamics [59]. Three regimes with the slope of 0.5, 0.25, and 0.5 
were observed for the polymers with Ns = 4, 6, and 8, respectively, in an 
intermediate-time scale, similar to the MSD of polymer melts that fol-
lows the Reptation model [57,61]. The longest relaxation times (τR for 
Rouse model and τrep for Reptation Model) is inversely proportional to 
the diffusion coefficients, which can be evaluated by calculating the 
slope of the MSD in the linear region. The values of diffusion coefficients 
for systems with Ns = 0, 2, and 4 (denoted by D0, D2, and D4), shown in 
Fig. 5c, are 4.48 × 10− 3r2

c /τ, 2.68 × 10− 3r2
c /τ, and 4.91 × 10− 4r2

c /τ, 
respectively. Note that the diffusion coefficients for Ns = 6 and 8 are not 
shown because the linear region is not achieved. Therefore, we can 
conclude that the longest relaxation times increase with increasing Ns 
(or <Nh>). 

In addition, the MSD curves shift downward with the increase of Ns, 
indicating that the mobility of polymer bead is reduced due to chain 
association by hydrogen bonding. This behavior can be intuitively 
illustrated by the decrease of terminal diffusion coefficients. One can see 
that the diffusion coefficients decrease with increasing Ns, demon-
strating that the formation of hydrogen bonds can slow down the motion 
of polymers. We also examined the lifetime τd of hydrogen bonding (the 
inverse of the dissociation rate constant 1/kd), as shown in Fig. 5d. The 
detailed method of calculating kd is placed in section 6 of supporting 
information, and time-dependent data are shown in Fig. S4. It can be 
seen that the τd decreases with the increase of Ns, and all the τd are larger 
than the Rouse relaxation time of polymers. The reason why the 
hydrogen bonding for Ns = 2 has a longer life may be that a dissociated 
sticker after breaking from the hydrogen bonding always tend to 

Fig. 4. (a) Storage moduli (G′) and (b) loss moduli (G′′) versus shear frequency 
for polymer melt with varying numbers Ns of HBGs. The strain amplitude is 0.1, 
and GN is the plateau modulus of the network structure. 
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associate with its old partner due to few stickers in the system, which 
prolongs the lifetime of hydrogen bonding [41]. 

3.3. The effects of the strength and directivity of hydrogen bonding on the 
linear viscoelasticity 

In this subsection, we focused on the effect of strength and directivity 
of hydrogen bonding on the linear viscoelasticity of associative polymer 
melts. The polymer model with Ns = 8 is chosen for the following sim-
ulations. In terms of Eq. (1), two parameters, including force constant kA 
and cutoff angle θc, are critical in the hydrogen bonding potential and 
represent the strength and direction of hydrogen bonds, respectively. 
Here, the two parameters are tuned to examine their influence on the 
linear viscoelasticity of associative polymers. 

Fig. 6a shows the storage moduli G′ of polymers with a varied force 
constant kA versus frequency. The loss moduli G′′ are shown in Fig. S5a. 
Note that the kA = 0 suggests that the hydrogen bonding is turned off, 
identical to the system with Ns = 0. One can see that the kA greatly in-
fluences G′ but has a less marked effect on G′′. For the polymer with 
weak hydrogen bonding (kA = 3 and 4kBT), the G′ is almost identical to 
that for neat polymer (kA = 0) over the entire frequency range, indi-
cating a little effect of hydrogen bonding on the storage moduli. There is 
a remarkable increase in G′ at low frequency as kA increases from 4 to 
4.5kBT. For the polymers with strong hydrogen bonding (kA = 4.5, 5, and 
7kBT), there is a low-frequency plateau in G′, and the plateau moduli 
increase with the increase of the force constant kA. We examined the 
mean number <Nh> of hydrogen bonding based on 1000 data for self- 
associative polymers with various kA at the equilibrium state to get a 
deeper insight into the distinct viscoelasticity. The result is shown in 
Fig. 6b. For the polymers with strong hydrogen bonding (kA = 4.5, 5, and 
7kBT), the <Nh> increases with kA, resulting in the enhancement of G′

according to rubber elasticity theory [59]. The associated polymers with 
kA = 3 and 4kBT exhibit quite a few hydrogen bonds (<Nh> = 1789.4 
and 2954.5, respectively), and the hydrogen bonding has little effect on 
viscoelasticity. In stark contrast, the system with Ns = 2 has <Nh> =

1152.0 and show enhanced storage moduli relative to the neat polymer 
(see Fig. 4a). 

To understand the viscoelastic behaviors of the system with kA = 3, 
we explored the dynamics of polymer chains. Fig. 7a shows the MSDs for 
polymer melts with various force constants kA. We can see that the MSDs 
for the polymer melts with kA = 0, 3, and 4kBT almost overlap, indi-
cating little hydrogen bonding effect on polymer dynamics. The MSD 
curves shift downward with the increase of kA from 4 to 7kBT. This can 
be attributed to the rise of <Nh>, i.e., the increase in the number density 
of elastically active network strands. Note that the MSD for a polymer 
with kA = 7 exhibits a plateau at long times, which is ascribed to extreme 
confinement of polymer chains from highly networked structures. 
Fig. 7b shows the dependence of the disassociation times (lifetime) τd on 
the force constants kA. The time-dependent data for obtaining kd are 
shown in Fig. S6. The values of τd for the polymer with kA = 3 and 4kBT 
are 5.0 and 46.1τ, respectively, which are remarkably shorter than the 
Rouse time of neat polymers. The exceedingly short lifetime of hydrogen 
bonds shows that the motion of polymer cannot "feel" the existence of 
hydrogen bonding. Although there are quite a few hydrogen bonds 
(<Nh> = 1789.4) in the system, hydrogen bonds have little impact on 
the dynamics and viscoelasticity. The lifetime τd increases evidently as 
kA increases from 4 to 4.5kBT and then is maintained greater than the 
Rouse time of neat polymers. In systems with kA = 4.5, 5, and 7kBT, the 
τd is large enough, and there are enough hydrogen bonds. As such, 
percolation networks can form, and a low-frequency plateau in G′ ap-
pears. The above results show that as τd is comparable to or larger than 
τR of neat polymers, the mean number <Nh> of hydrogen bonding plays 

Fig. 5. (a) Weight-average degree of polymerization (Xw) calculated at various Nimage values and mean numbers (<Nh>) of hydrogen bonds for polymer melts at 
equilibrium state as a function of Ns. (b) Storage moduli (G′) at fixed ω = 0.1 and ω = 0.01 for polymer melt as a function of <Nh>. (c) Time dependence of mean- 
square displacements (MSDs) for polymer melt with various Ns. The diffusion coefficients are highlighted in the plot. (d) The disassociation times τd for polymer melts 
with varying Ns. The horizontal dashed line indicates the Rouse time (τR = 435.1τ) for a neat polymer. 
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a vital role in the dynamics and viscoelasticity. 
Fig. 8a shows the storage moduli G′ of polymers with various cutoff 

angles θc versus frequency. The loss moduli G′′ are shown in Fig. S5b. 
One can see that the effects of cutoff angles θc and force constants kA on 
viscoelasticity are similar. At a large cutoff angle of θc = 155◦ and 160◦, 
the G′ almost overlaps with that of neat polymers over the entire fre-
quency range, indicating nearly no effect on the viscoelasticity. For the 
small cutoff angles, such as θc = 140◦, 150◦, and 152.5◦, there is a low- 
frequency plateau in G′, and the plateau moduli increase with 
decreasing θc. The mean number <Nh> of hydrogen bonding is also 
examined based on 1000 data for self-associative polymer melts with 
various θc at the equilibrium state, which is shown in Fig. 8b. The <Nh>

increases with the decrease of θc, resulting in the enhancement of G′

according to rubber elasticity theory [59]. A few hydrogen bonds 
(<Nh> = 1971.4 and 767.8) are formed in self-associative polymer as θc 
= 155◦ and 160◦. The MSDs for polymer melts with various cutoff angles 
θc are shown in Fig. 9a. Similar to the observations in Fig. 7a, the MSD 
curves for θc = 155◦ and 160◦ are almost identical to that for neat 
polymer, but the MSD curve for θc = 140◦ shifts downward and exhibits 
a long-time plateau. The dependence of the disassociation times (life-
time) τd on the cutoff angles θc is shown in Fig. 9b. The time-dependent 
data for obtaining kd are shown in Fig. S7. As shown, there is a signifi-
cant decline in the τd with increasing θc from 152.5◦ to 155◦. For the 

systems with θc = 155◦ and 160◦, the lifetimes τd (11.8τ and 3.8τ) are 
markedly below the Rouse time of neat polymers. These results prove 
again that the mean number <Nh> of hydrogen bonding predominates 
the dynamics and viscoelasticity of self-associative polymers as τd is 
comparable to or larger than τR. 

3.4. Comparison with existing experimental findings 

The present work has shown that self-associative polymers with 
fewer HBGs show strain softening at large strain amplitude. Still, those 
with high HBG numbers exhibit strain hardening of both storage and loss 
moduli. The strain hardening in storage moduli originates from the 
strain-induced stretching of polymer chains. Similar results exist in the 
experimental observations [24–27]. For example, Huang et al. observed 
four types of large-amplitude oscillatory shear behavior and revealed 
the mechanisms of strain hardening [27]. They found that the 
strain-induced non-Gaussian stretching almost results in the strain 
hardening when De > 1. Note that the De in our simulations is larger than 
1 because the relaxation time τP (much larger than 100τ) is much larger 
than 1/ωs (ωs adopted in Fig. 2 is 0.01τ− 1). 

We also found that the self-associative polymers with high HBG 

Fig. 6. (a) Storage moduli (G′) versus shear frequency for polymer melt with 
various force constants kA. (b) The dependency of the mean number <Nh> of 
hydrogen bonds on the force constants kA. 

Fig. 7. (a) Time dependence of mean-square displacements (MSDs) for polymer 
melt with various force constants kA. (b) The disassociation times τd versus the 
force constants kA. The horizontal dashed line indicates the Rouse time (τR =

435.1τ) for a neat polymer. 
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numbers bear transient supramolecular networks (see Fig. 5a). The 
storage moduli increase linearly with the number of hydrogen bonds in 
linear viscoelastic regimes. Some experimental findings in the literature 
can support these simulation results [20–22,62,63]. For example, Lewis 
et al. synthesized numerous poly(n-butyl acrylate) (PnBA) copolymers 
with various numbers and types of HBG and investigated their dynamic 
and viscoelastic behaviors [20]. They found that the PnBA copolymers 
with weak and strong hydrogen bonding behave like viscoelastic liquid 
and entangled networks, respectively. And the storage moduli increase 
with increasing the number of binding groups. Shabbir et al. prepared a 
model system of PnBA with various numbers of acrylic acid side groups 
[22]. They also found that the HBGs have a pronounced influence on 
viscoelasticity. The storage moduli show a linear increase with 
increasing the number of HBGs. These experimental observations agree 
with our simulation results. 

In addition, we found that the number and lifetime of hydrogen 
bonds have a combined effect on the dynamic and viscoelastic behaviors 
of associative polymers. And the longest relaxation time can be elevated 
markedly due to the existence of hydrogen bonds. The dynamics and 
viscoelasticity are governed by the mean number <Nh> of hydrogen 
bonds as τd is comparable to or larger than τR. Seiffert also found that the 
association of secondary interactions can increase the longest relaxation 
time of polymers [21]. Two other effects summarized in his paper — the 
increase of G′ and the decrease of power-law scaling of G′ — can also be 

found in our simulation. These theoretical analyses and experimental 
data are in good qualitative agreement with our simulation results. 

Apart from the reproduction of general characteristics of experi-
mental observations, the simulations can help systematically examine 
the viscoelasticity of supramolecular polymers and reveal the physical 
origin on the molecular scale. Experimentally, it is difficult to control a 
single variable; for example, a general way to change the strength of 
hydrogen bonding is to change the type of HBGs, which usually leads to 
changes in the molecular structure. In addition, it is hard to probe into 
the experimental phenomena directly on the molecular scale. Therefore, 
some mechanisms of distinct viscoelasticity found in experiments need 
to consolidate from molecule-level studies; for instance, whether the 
strain hardening of storage moduli in the supramolecular network could 
originate from chain stretching or an increase in the number of elasti-
cally active chains. In the simulations, it is convenient to count the 
number of hydrogen bonds and obtain the data of bond lengths (see 
Fig. 3). By means of the DPD simulation, we can intuitively understand 
that the chain stretching induced by shear results in the strain hardening 
of supramolecular networks. 

Fig. 8. (a) Storage moduli (G′) versus shear frequency for polymer melt with 
various cutoff angles θc. (b) The dependency of the mean number (<Nh>) of 
hydrogen bonds on the cutoff angles θc. Fig. 9. (a) Time dependence of mean-square displacements (MSDs) for polymer 

melt with various cutoff angles θc. (b) The disassociation times τd versus the 
cutoff angles θc. The horizontal dashed line indicates the Rouse time (τR =

435.1τ) for a neat polymer. 
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4. Conclusions 

We studied the linear and nonlinear rheological behaviors of self- 
associative polymers through the DPD simulation coupled with a 
nonequilibrium oscillatory shear technique. The results show that the 
self-associative polymers with high numbers of HBGs exhibit strain 
hardening at large strain amplitude, attributed to the strain-induced 
stretching of polymer chains in supramolecular networks. The number 
and lifetime of hydrogen bonds play a vital role in the dynamic and 
viscoelastic behavior of self-associative polymers. The storage moduli 
show a linear increase with increasing the number of HBGs as the life-
time of hydrogen bonds is comparable to or larger than the relaxation 
time of polymer chains. However, the hydrogen bonding has a less 
marked effect on the dynamics and viscoelasticity as the lifetime of 
hydrogen bonds is remarkably lower than the Rouse relaxation time of 
polymers. We expect that the present work can deepen the under-
standing of self-associative polymer viscoelasticity and provide valuable 
information for designing supramolecular materials with superior 
properties. 
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