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Abstract

The linear viscoelastic properties of entangled hydrolysed poly(n-butyl acrylate) PnBA copolymers, with varying density of functional

moieties, i.e., acrylic acid (AA) groups, have been investigated both experimentally and theoretically using small amplitude oscillatory shear

and a modified version of the time marching algorithm (TMA). A second, low frequency, plateau, the level of which depends on temperature

and AA groups content, is evident in the storage modulus of these copolymers. It indicates that terminal flow, i.e., chain motion at large

length scales, is highly suppressed within the experimental timescale. This slow relaxation process is attributed to long lifetime aggregates

(sticky junctions) of AA groups. At intermediate frequencies, the dynamic moduli decay with a slope of 0.5 indicative of a Rouse-like relaxa-

tion process. This behavior is well captured by the model when constraint release Rouse motion of the strands that are trapped between suc-

cessive AA junctions or/and trapped entanglements is considered. One new parameter, pst, the probability of a monomer to act as a sticky

junction, is introduced in the TMA to account for the influence of the functional AA groups on the chain dynamics. The validation of this

simple model is then achieved by comparing experimental and predicted viscoelastic data. VC 2016 The Society of Rheology.
[http://dx.doi.org/10.1122/1.4942231]

I. INTRODUCTION

Associating polymers consist of polymer chains that

carry functional groups. These functional groups are capa-

ble of forming transient interactions (noncovalent, temporal

bonds), which provide a convenient control of the physical

properties of this class of polymeric systems. For example,

depending on the temperature or/and the concentration of

functional groups, the rheological behavior of associative

polymers ranges from rubberlike to liquidlike [1–3]. The

origin of the temporal bonds varies: Among others, hydro-

gen bonding [4,5], ionic aggregation [6,7], and metal-

ligand interactions [8] can all be considered as transient

associations.

The large length scale (global) motion of an ordinary,

nonassociating polymer chain is controlled by entangle-

ments, the topological constraints experienced by a given

chain due to the presence of the surrounding matrix chains.

Typically, these constraints are modeled as a mean field tube

to which a given (probe) chain is confined [9,10]. To escape

its entanglement constraints, a linear chain diffuses back and

forth (reptates) along the axis of the confining tube (also

known as the primitive path). In the terminal regime, which

reflects the global motion of the chains, this relaxation pro-

cess gives rise to a power law dependence of two and one for

G0 and G00, the storage and loss modulus, respectively, unless

the system is characterized by substantial polydispersity. On

the other hand, branched molecules such as star polymer

chains relax their conformation via contour length fluctua-

tions (CLFs) or arm retraction, the thermally activated fluc-

tuations of the free ends of the primitive path [9,10]. (Note

that early CLF also occur in linear chains until reptational

modes eventually become the dominant relaxation process.)

Apart from the two aforementioned tube escape mecha-

nisms, i.e., reptation and CLF, another process, namely, con-

straint release (CR), continually contributes to the

orientation renewal of the polymer chains in the melt [10].

CR represents the loss of entanglements on a probe chain

due to motion of the surrounding matrix chains. In tube mod-

els, it is often modeled by the dynamic tube dilution concept

[11], according to which the relaxed part of the polymer acts

as a solvent, and the effective tube diameter is growing as

a / a0U
�a=2 with U being the “effective entanglement
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concentration” and a being the so-called dilation exponent.

Although there is some ambiguity on whether CR affects the

global relaxation of monodisperse linear chains [12–14], it is

well established that CR events significantly influence the

chain dynamics in (i) binary blends of long and short linear

chains [15] as well as (ii) in melts of monodisperse polymer

stars [16]. With respect to system (i) above, due to the repta-

tion (disentanglement/entanglement) process of the short

chains, portions of the long chains located between two

long-long entanglements make use of the extra freedom,

undertake local hops, and eventually renew their conforma-

tion locally, at the rhythm of the entanglement/disentangle-

ment of the short chains. This relaxation process

approximately resembles the relaxation of a Rouse chain,

and for this reason is often referred to as CR Rouse (CRR)

process [15,17,18].

The above molecular view of orientation relaxation in

polymer melts pays attention to the internal dynamics of the

chains (entanglements and architecture). Of particular inter-

est is how it changes when reversible (transient) bonds are

present. The key quantity here is sass, the association lifetime

(which depends on the strength of the reversible interaction):

As shown by Lewis et al. [5], weak hydrogen-bonding asso-

ciations like the ones formed between two acrylic acid (AA)

groups have no marked influence on the viscoelastic proper-

ties since their association lifetime is fast compared to rheo-

logical chain relaxation. In contrast, strong interactions,

encountered, for example, with ionic aggregates or with sys-

tems containing quadruple hydrogen bonds (UPy), strongly

influence the chain dynamics above Tg, as the effective fric-

tion experienced by the polymer strands grows dramatically.

This additional friction slows down the global relaxation of

the chains and produces a wide spectrum of stress relaxation

modes. For unentangled systems, these effects are typically

captured by a modified Rouse model in which the friction is

governed by the association lifetime [6,19]. A scaling theory

of sticky reptation has been developed to model the dynam-

ics of entangled associating polymers as well [1,20].

The aim of the present contribution is to investigate the

combined effect of the dynamics of the associating groups

(strength, position, and number) and the internal dynamics of

the polymer chains (entanglements and architecture). A

modified version of the time marching algorithm (TMA) is

presented, and its predictions are compared against linear

viscoelastic measurements on entangled hydrolysed poly(n-

butyl acrylate) PnBA copolymers, with varying density of

sticky groups. According to the adopted molecular picture,

the AA sticky groups microphase separate from the PnBA

matrix to form stable aggregates (sticky junctions) that play

the role of transient junctions between different chains [21].

It must be noted that the lifetime of the aggregates is

assumed to be drastically longer than the lifetime of a single

hydrogen bond due to a single AA group. Thus global reor-

ientation of chains that are attached to at least two aggregates

is severely restricted. This molecular view is supported by

the rheological data presented herein, i.e., by the emergence

of a second, low frequency plateau in G0 (the level of this

plateau depends on temperature and density of AA groups),

and by dielectric measurements on the same samples [22].

We show that the modified TMA provides a reasonable fit to

the rheological data, provided that CRR relaxation of the

molecular strands between successive sticky junctions or/and

trapped entanglements is incorporated in the model. This

CRR equilibration is mediated by the unconstrained relaxa-

tion of the mobile components of the system, i.e., by the nor-

mal relaxation (via reptation or/and CLF) of the polymer

fractions that have at least one end not attached to sticky

junctions. To determine the weight fractions and the molecu-

lar weight distributions (MWDs) of these mobile compo-

nents, we follow a statistical approach that only introduces

an extra parameter in the model, namely, pst, the probability

of a monomer to be attached to a sticky junction. The re-

mainder of the article is structured as follows. Section II

summarizes the experimental procedure while Sec. III

presents the TMA for both ordinary and associating polymer

melts (Subsections III A and III B, respectively). Section IV

discusses thermorheological complexity and compares the

model predictions with the experimental data. Conclusions

are given in Sec. V.

II. EXPERIMENTAL DETAILS

The materials studied in this work are the following: (i) A

reference PnBA homopolymer with weight average molecu-

lar weight �Mw ¼ 210 kg/mol and measured polydispersity

index (PDI) 1.3, (ii) a PnBA-PAA copolymer with 13% of

AA active groups, and (iii) a PnBA-PAA copolymer with

38% of AA functional groups. The reported level of the AA

groups was quantified by 1H NMR spectroscopy; however, it

may be moderately overestimated owing to the complexity

of the raw NMR data that made the peak assignment proce-

dure nontrivial. According to the NMR measurements, the

reference sample contains a small percent of functional

groups evidenced as well by the extensional hardening

behavior of this material [21]. Both copolymers were synthe-

sized via hydrolysis of the reference PnBA homopolymer.

Hence, all three samples have the same degree of polymer-

ization N¼ 1641. Details of the synthesis are reported else-

where [21,22]. Table I summarizes the molecular

characteristics of the studied materials.

The glass transition temperature, Tg, of the samples was

determined by differential scanning calorimetry measure-

ments (DSC) [21]. It is influenced by the binary AA associa-

tions. As shown by Lewis et al. [5], the Tg of random PnBA-

AA copolymers increases linearly with AA content; there,

the AA groups form many binary associations that reduce

segmental motion (by either decreasing the available free

volume or increasing chain friction) near the glass transition

TABLE I. Molecular characteristics of the materials.

Sample

% of AA

groups

per chain

AA

groups

per chain

Entanglements

per chain Tgð�CÞ N

Reference PnBA 3 �49 �12 �51.0 1641

PnBA-AA13% 13 �207 �12 �49.5 1641

PnBA-AA38% 38 �615 �12 �47.0 1641
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temperature. According to Table I, the Tg of our samples

slightly rises with AA content, but clearly not in a linear

fashion. A possible explanation for this disparity is the over-

estimation of the level of AA groups in our NMR analysis.

Nevertheless, we believe that this discrepancy is due to

microphase separation of the AA groups, as explained in

detail below.

The distribution of AA groups at the hydrolysed samples

is, most likely, blocky (short AA blocks along the PnBA back-

bone) rather than completely random. As shown by Nyrkova

et al. [23], in such systems, the functional groups can micro-

phase separate from the matrix forming distinct spherical

nanodomains. (Here, PAA nanodomains are embedded in a

PnBA matrix.) Dielectric measurements on the same samples

also favor this scenario [22]; they reveal two glass transition

temperatures, one corresponding to the PnBA matrix and a

second one attributed to the PAA nanodomains. The phase

separation scenario could also explain the nonlinear increase

of the copolymers’ Tg as a function of AA content. In DSC,

both samples exhibit a single Tg implying that the volume

fraction (and size) of the aggregates is relatively small as to

produce a distinct signal, i.e., manifest an independent phase

behavior. Compared to the system of Lewis et al., at which

many intermolecular binary associations occur, a milder

increase in the samples’ Tg is anticipated here since a high

fraction of functional groups organizes in aggregates that con-

stitute a rather small volume fraction of the system.

Another possibility is the formation of ionic clusters: In

more detail, to remove potassium chloride (KCl) salt from

the PnBA-AA systems, purified water has been used.

Nevertheless, if the pH of the water is five or lower then car-

boxylate units are again formed. These units may form ion

pairs with the cations that are present in the water. In turn,

due to difference in polarity, the ion pairs phase separate

from the polymer backbone to give ionic clusters (aggre-

gates). Nevertheless, this possibility is rather unlike since the

samples showed very low metallic content under energy dis-

persive X-ray spectrometry (EDX) [21].

III. MODELING

A. TMA for nonassociative polymers

The TMA is a tube based model that successfully predicts

the linear viscoelasticity of ordinary, i.e., nonassociative,

polymer melts [24–26]. It incorporates tube escape relaxa-

tion mechanisms, namely, reptation and CLF, as well as CR.

In this model, the relaxation modulus, G(t), reads

GðtÞ ¼ G0
NFðtÞ þ FLR þ FFR; (1a)

FðtÞ ¼ WðtÞUðtÞa: (1b)

In Eq. (1a), FLRðtÞ and FFRðtÞ denote, respectively, the con-

tribution from the longitudinal and transverse Rouse modes

[cf. Eqs. (8)]. The relaxation function, F(t), accounts for both

CR and tube escape: that is, in Eq. (1b), WðtÞ is the fraction

of polymeric material still unrelaxed by tube escape mecha-

nisms after a waiting time t, while UðtÞ is the contribution

coming from CR at the same timescale (1� UðtÞ corre-

sponds to the material fraction that acts as a solvent at time

t). Following the dynamic dilution hypothesis [11], accord-

ing to which the effect of CR events is modeled by consider-

ing that the unrelaxed polymer fraction relaxes in an

effectively dilated tube, UðtÞ is used to rescale Me, the entan-

glement molecular weight (and in turn) a, the tube diameter,

and Leq, the equilibrium length of the tube

Me tð Þ ¼ Me;0

U tð Þa ; a tð Þ ¼ a0

U tð Þa=2
; Leq tð Þ ¼ Leq;0U tð Þa=2

;

(2)

with Me;0, a0, and Leq;0 being the respective quantities in the

absence of dynamic dilution (tube dilation). In the same

equation, a is the so-called tube dilation exponent that typi-

cally takes the values of 1 or 4/3; throughout this work it is

fixed to 1. The method by which UðtÞ is obtained in the

TMA is as follows. At each time step, the unrelaxed material

fraction, WðtÞ, is first calculated [according to Eq. (4)]. Then,

UðtÞ is obtaining by utilizing the following formula [24]:

U tð Þ ¼ max W tð Þ; U t� Dtð Þ t� Dt

t

� �1=2a
" #

; (3)

with Uðt ¼ 0Þ being equal to unity. (In the above equation,

Dt is the “simulation” time step.)

The unrelaxed material fraction is given by

WðtÞ ¼
Xm

j¼1

�j

ð1

0

prepðxi; tÞpf luctðxi; tÞdxi; (4)

where xi is a normalized curvilinear variable that represents

primitive path segments along a given arm j, and �j is the

volume fraction of each type of arm. (Note that linear chains

are treated like star polymers with two arms.) In the same

equation, prepðxi; tÞ and pf luctðxi; tÞ denote the probabilities

that the segment xi survives by reptation and CLF, respec-

tively; they are given by the following expressions:

prep xi; tð Þ ¼
X
p odd

4

pp
sin

ppxi

2

� �
exp

�p2t

sd

� �
; (5a)

pf luct xi; tð Þ ¼ exp
�t

sfluct xi; tð Þ

� �
: (5b)

Equation (5a) only refers to linear species. Here, sd is the

reptation time of the whole chain (a two arms star); it is

given by sd ¼ sd;0UactiveðtÞa where sd;0 is the reptation time

in the absence of tube dilation, and 1� UactiveðtÞ is the frac-

tion of polymeric material acting as a solvent for the repta-

tion process. (Throughout this work UactiveðtÞ ¼ 1.) For arms

of starlike chains, reptation is suppressed and thus prepðxi; tÞ
is practically unity. In this case, conformational relaxation of

the primitive segments, by means of tube escape, solely

occurs via CLFs. The CLF relaxation time of segment xi at

time t, sfluctðxi; tÞ, is
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sfluct xi;tð Þ¼
searly xið Þ for xi�xtr;j;

searly xtr;jð Þexp
U xi;tð Þ�U xtr;j;tð Þ

kBT

� �
for xi>xtr;j;

8><
>:

(6)

where searlyðyÞ ¼ ð9p3=16ÞseZ4
a;jy

4 is the explicit formula for

the so-called early (shallow) CLF, with se and Za;j being the

entanglement relaxation time of the polymer and the number

of entanglements of arm j, respectively, in the absence of

dynamic dilution (tube dilation). In Eq. (6), xtr;j is the transi-

tion segment of arm j. It corresponds to the primitive seg-

ment at which the potential is of order of thermal energy,

i.e., Uðxtr;jÞ � kBT, and it marks the transition from early to

deep fluctuations. The potential energy is given by [26]

Uðx; tÞ ¼ 3kBTZa

ðx

0

nUðtðnÞÞadn; (7)

where UðtðnÞÞ is estimated according to Eq. (3). It corre-

sponds to the unrelaxed polymer fraction at the timescale at

which segment n relaxes. Nevertheless, in this work dynamic

dilution is modeled according to the original approach of

McLeish [10], i.e., the unrelaxed fraction depends on time

only implicitly (through the time dependence of n).

The explicit formulae for FLRðtÞ and FFRðtÞ, the Rouse

relaxation functions in Eq. (1a), are [12]

FFR t; Ztot;jð Þ ¼
X

j

qRT

Ma;j
�j

XNa;j

p¼Ztot;j

exp
�2p2t

sRa;j

 !0
@

1
A; (8a)

FLR t; Ztot;jð Þ ¼
X

j

1

5

qRT

Ma;j
�j

XZtot;j�1

p¼1

exp
�p2t

sRa;j

 !0
@

1
A: (8b)

In these equations, the quantities q, R, and T are the polymer

density, the gas constant, and the temperature, respectively;

Na;j; Ma;j, and sRa;j
ð¼ s0N2

a;jÞ, respectively, represent the

degree of polymerization, the molecular weight, and the

Rouse relaxation time of arm j. (s0 is the segmental relaxa-

tion time.) Ztot;j is the total number of obstacles (constraints)

acting on arm j; for nonassociating chains Ztot;j ¼ Za;j since

the only constraints are entanglements.

For monodisperse nonassociating chains, Eqs. (8) reduce

to the expressions proposed by Likhtman and McLeish [12].

There, the contribution of the longitudinal modes to stress

relaxation following a small shear deformation is analyti-

cally derived; the amplitude of the modulus of the longitudi-

nal modes is five times smaller than the amplitude of the

modulus of the transverse modes. The contribution of longi-

tudinal modes was also addressed by Milner and McLeish in

an earlier work [27], but via postulate rather than analytical

calculation and so the prefactor for longitudinal modes was

1/3 instead of 1/5. Furthermore, Likhtman and McLeish

argued that, for the transverse modes, a factor of 2 in the ex-

ponential exponent was missing in [27]. Note that longitudi-

nal modes are not considered for the trapped strands (see

Sec. III B 1 and Fig. 1 below). For this reason the lowest

mode in Eq. (8b) is p¼ 1.

B. Modeling the linear rheology of hydrolysed
PnBA copolymers

In this section, the TMA model is modified in order to

take into account the influence of the stickers along the

chain. From the experimental data (cf. Figs. 5 and 8 below),

several assumptions are made in order to build the model:

1. Assumptions

• The effect of single hydrogen bonding is neglected. In

more detail, binary associations between different AA

groups (AA dimmers) are possible, however, their effect

is ignored since their association lifetime is fast compared

to rheological chain relaxation [5]. Apart from binary

associations, other kinds of associated forms, such as lin-

ear oligomeric structures, are possible between AA groups

[28]; these nonbinary associations are also disregarded in

the model.
• The deviation of the rheological data from the typical

slopes of one and two at low frequencies for G00 and G0,
respectively, as well as the low level of the second plateau

for PnBA-AA38 (cf. Figs. 5, 7, and 8 below) imply that

the chains contain a few transient bonds that have very

long lifetime, i.e., a lifetime that is much longer than the

average disentanglement time of the chain as well as the

average lifetime of a hydrogen bond due to an AA dimmer

(binary associations). In our view, the mechanism which

is responsible for the long lifetime bonds formation is the

collective assembly (microphase separation) of the func-

tional groups in distinct PAA nanodomains. Here, we

assume that the lifetime of these nanodomains is infinite.

As discussed in Sec. IV B, this hypothesis is not valid any-

more at very high temperatures.
• As observed in the storage modulus, the level of the sec-

ond plateau is rather low, which means that only a small

fraction of chains is trapped into the transient network and

is not able to relax. This is in agreement with the

FIG. 1. Schematic illustration of the adopted physical picture. Aggregates

(sticky junctions) of AA groups are shown as filled circles. A probe chain is

shown. It is surrounded by free linear chains not attached to junctions, star-

like chains that are only attached to one junction, and trapped chains that are

connected to at least two junctions.
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observation that the plateau modulus of the hydrolysed

samples does not show large increase, being mainly de-

pendent on the entanglements, not on the stickers. We

therefore assume that the samples contain few stickers

compared to the number of entanglements per chain.
• The samples are considered monodisperse (see Sec. IV B).

With the aforementioned measurements in mind, we

adopt the following physical picture, illustrated schemati-

cally in Fig. 1. The polymer fraction is divided into mobile

and trapped components. In particular, we consider four dif-

ferent types of chains: (i) Free linear chains that are not

attached to aggregates, but keep their extremities free to

move, (ii) starlike chains that are attached to only one long

lifetime sticker, (iii) trapped stands of chains that are con-

nected to at least two aggregates, and (iv) dangling ends of

the trapped chains. Free linear chains, starlike molecules,

and dangling branches of the trapped chains constitute the

mobile polymer fraction of the system as they are able to

relax by tube escape mechanisms. In contrast, sections of

trapped chains between two extreme sticky junctions are

essentially immobile since renewal of their global configura-

tion is restrained until dissociation of the long lifetime stick-

ers. Hereafter, the volume fractions of chains (i)–(iv) above

will be denoted as �f, �s, �t, and �d, respectively. They will

be determined by a statistical approach, detailed in Sec.

III B 3 below, from the value given to pst, the probability to

find a sticker along the chain. Figure 1 also illustrates a

trapped entanglement; such entanglements will be consid-

ered as sticky junctions in the model since their lifetime will

be of the same order as the lifetime of the sticky junctions.

2. Relaxation modulus

In order to determine the relaxation modulus, several

relaxation steps can be pointed out through time. These steps

are illustrated in Fig. 2. Specifically:

(i) At early timescales Rouse motion occurs, which

involves motion of subchains of increasing lengths.

The signature of this motion at the dynamic moduli vs

frequency plot is the downward-sloping line with a

slope of �1/2 on a log-log scale at high frequencies.

The transition to the upper (first) plateau zone marks

the saturation of the Rouse modes, and the tube pic-

ture starts to be relevant; in other words, the length of

the subchains reaches the average spacing between

two entanglements or long lifetime stickers. At these

short times, the relaxation modulus is therefore well

described as

GðtÞ ¼ G0
N;total þ GRðtÞ; (9)

where the plateau modulus, G0
N;total, describes the high

frequency part of zone (ii), and it is determined by

accounting for both entanglements and sticky junc-

tions [20]. Thus,

G0
N;total ¼

4

5

qRT

Me;total
¼ 4

5

qRT

M
Ztot

¼ 4

5

qRT

M

M

Me;ent
þ M

Me;XX

� �
; (10a)

M�1
e;total ¼ M�1

e;ent þM�1
e;XX; (10b)

where M represents the molecular weight of the chain

and Ztot is the total number of obstacles (ordinary and

frozen entanglements, and sticky junctions) acting on

the whole chain. The quantity Me;XX represents the

molecular weight between sticky junctions [see also

Sec. III B 3 and Eq. (19) below]. Me;total denotes the

average molecular weight between two adjacent con-

straints of any kind, i.e., entanglements, sticky junc-

tions, and trapped entanglements (see Figs. 1 and 3).

Me;ent is the entanglement molecular weight, given by

G0
N;ent ¼

4

5

qRT

Me;ent
: (11)

The function GRðtÞ in Eq. (9) is the contribution from

the Rouse modes. In particular,

GRðtÞ ¼ FFR þ FLR; (12)

with FFR and FLR being given in Eqs. (8).

(ii) Then, as a second relaxation step, the dangling

branches of the trapped chains as well as the starlike

chains will renew orientation by CLF. Moreover, the

free linear chains will relax by reptation and CLF.

During this relaxation step, the relaxation modulus

can therefore be described as

GðtÞ ¼ G0
N;total½�mWmðtÞð�mWmðtÞ þ �tÞa þ �tWt�; (13)

where a is the dilation exponent, and �m is the volume

fraction of the mobile components: that is, free linear

chains, starlike chains, and dangling ends of trapped

chains. (Hence, �m ¼ 1� �t ¼ �f þ �s þ �d.) At this

time scale, Wt, the tube survival probability of the

trapped polymer fraction is always equal to unity

FIG. 2. A graphical illustration of the four relaxation regimes (zones) con-

sidered in the model. The different zones are discussed in the text. The solid

curve corresponds to G0 while the dotted one to G00.
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since tube escape mechanisms, i.e., either reptation or

CLF, are quenched in the trapped strands. Wm is the

overall tube survival probability of the mobile poly-

mer fraction. It is given in Eq. (4). We note however

that, in this case, Eq. (4) must be divided by vm to

ensure that the values of Wm lie between zero and

unity. In calculating Wm, we use the following expres-

sion in Eq. (7) [29,30]:

U nð Þ ¼

�t þ �f 1� nð Þ þ �s 1�

ffiffiffiffiffiffiffiffiffiffi
�Mw;f

2
�Mw;s

vuuut n

0
BB@

1
CCAþ �d 1�

ffiffiffiffiffiffiffiffiffiffi
�Mw;f

2
�Mw;d

vuuut n

0
BB@

1
CCA linear;

�t þ �f min 1�
ffiffiffiffiffiffiffiffiffiffi
�Mw;s

�Mw;f

2

vuuut n

0
BB@

1
CCA; exp � t

sd

� �2
664

3
775þ �s 1� nð Þ

þ�d 1�
ffiffiffiffiffiffiffiffiffiffi
�Mw;s

�Mw;d

s
n

0
@

1
A stars;

�t þ �f min 1�
ffiffiffiffiffiffiffiffiffiffi
�Mw;d

�Mw;f

2

vuuut n
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Furthermore, while equation Eq. (13) takes into account

the Dynamic Dilution effect of the mobile polymer frac-

tion, it is assumed that at this time scale the trapped

strands do not have the required time to explore their

dilated tube (which represents the third step of relaxa-

tion), i.e., Wt ¼ 1. Indeed, with such a system, the sticky

junctions suppress the possible monomeric tension

equilibration along the chain [31], which allows the

chain to move through the remaining entanglements. As

a consequence, the trapped portions can only relax by

laterally exploring the dilated tube. This equilibration

can only occur by a CRR motion [31] at the rhythm of

the blinking of the entanglements of the mobile polymer

fraction. As described in (iii) below we assume that the

time regime for CRR motion will take place after the

relaxation of the mobile fractions. Hence, at time scales

corresponding to zone (ii), we will ignore the CRR

relaxation of the trapped strands; in the model, this pro-

cess only occurs in zone (iii).

(iii) Once the mobile components have relaxed, i.e., when

all the entanglements of the mobile sections are

relaxed, the CRR process becomes active. Trapped

strands between successive sticky junctions partially

renew configuration through local CRR events. (That

is, the segments of the trapped strands will undertake

Rouse-like hops.) These events occur at the rate at

which chain ends of the mobile fractions pass through

the trapped chain portions, i.e., at a rhythm deter-

mined by the rate at which entanglements between

the trapped strands and the surrounding mobile mate-

rial disappear/reappear. They provide extra freedom

to the trapped strands, which can now explore the sur-

rounding space on a larger length scale than the one

corresponding to the original tube diameter (that is, the

tube defined by all entanglements between a given

trapped chain and the mobile matrix chains). Notice

that the different renewal rates of the mobile fractions

naturally give rise to a continuous spectrum of hopping

rates. The TMA could in principle be adjusted to allow

the CRR process to occur simultaneously with the

relaxation of the mobile components. Nevertheless,

such a calculation, i.e., the incorporation of a continu-

ous spectrum of hopping rates, is beyond the scope of

this work; for the sake of simplicity, a single average

rate will be used in this simple model [see Eq. (22)].

The explicit expression for describing the CRR mecha-

nisms is as follows:

GCR;R tð Þ ¼ G0
N;trapped

XNent

p¼1

exp
�2p2t

sCR;R

 !
; (15)

where G0
N;trapped is the second plateau modulus that follows

the CRR process; it corresponds to Me;trappedð¼ Me;total=�
a
t Þ,

and its value is defined as

G0
N;trapped ¼

4

5

qRT

Me;trapped
�t ¼

4

5

qRT

Me;total
�aþ1

t ¼ G0
N;total�

aþ1
t :

(16)

The timescale sCR;R is the CRR equilibration time. It is given

by sCR;R ¼ sobsN
2
ent with Nentð¼ v�a

t � 1Þ being the average

number of entanglement segments per subchains confined

between two sticky junctions or/and trapped entanglements.

Here, sobs is the average relaxation time of the mobile
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polymer fractions (thus, s�1
obs is the average rate of the local

CRR hops). It is determined by averaging the terminal relax-

ation time of the mobile components [Eq. (22)].

Another source of stress relaxation in associating solu-

tions or melts where aggregates of functional groups are

formed is the so-called hopping or partner exchange process

[1,32,33]. In this process, the functional groups hop ran-

domly between aggregates. Here, each hop allows stress

relaxation in the portion of chain bearing the functional

group, in a similar fashion to stress relaxation via CRR.

Therefore, one would expect a competition between these

two mechanisms. We argue that CRR dominates over the

hopping mechanism in entangled systems at which: (i) A

substantial fraction of the polymeric material is mobile and,

in turn, the average number of aggregates per chain is small,

and (ii) the lifetime of these aggregates is much longer com-

pared to rheological chain relaxation. Our reasoning is as fol-

lows: Compared to systems with many aggregates, a given

trapped stand, in our case, is on average longer and, more-

over, it is surrounded by more mobile polymer fraction

therefore its local relaxation is controlled by the disentangle-

ment/entanglement blinking rather by the partner exchange

process. The latter process should dominate over CRR when

there are aggregates per chain and the fraction of mobile

components is low.

(iv) The terminal relaxation of the trapped chains is

delayed until dissociation of the sticky junctions takes

place. As mentioned earlier in most cases it is outside

the experimental window, so we simply consider this

terminal relaxation time as infinite. Nevertheless, the

beginning of this regime can be observed with spe-

cific samples at high temperatures. In such a case, we

simply consider a Maxwell behavior

X tð Þ ¼ exp
�t

sass

� �
; (17)

with sass being the association time of the long life-

time stickers.

Summarizing the above four regimes the final expression for

the relaxation modulus, G(t), reads

GðtÞ ¼ GRðtÞ þ G0
N;total½�mWmðtÞð�mWmðtÞ þ �tÞa�

þ GCR;RðtÞ þ G0
N;trappedXðtÞ; (18)

where GRðtÞ; GCR;RðtÞ, and X(t) are given in Eqs. (12), (15),

and (17), respectively, while parameters G0
N;total; G0

N;trapped;

Me;total; Me;XX; Me;trapped, �f, �s, �d, �t, and sobs are all deter-

mined from, pst, the only fit parameter (see Sec. III B 3) as

well as the normal parameters of the reference PnBA chain.

Equation (18) does not double count modes; beyond the high

frequency Rouse regime and prior to any molecular relaxa-

tion of the mobile material, it reduces to G0
N;total as it should.

3. Statistical position of the long lifetime stickers

along the chain

To use the model developed in Subsection III B 2, several

quantities still need to be determined. This is achieved with

the help of only one additional fit parameter, namely, pst, the

probability that a monomer behaves like a sticky junction.

Specifically, using pst, and the statistical approach explained

below, we have determined (i) the proportion of mobile and

trapped components, i.e., the volume fractions �f, �s, �d, and

�t, (ii) the average molecular weight between successive

sticky junctions, Me;XX, (iii) the average molecular weight

between sticky junctions or/and trapped entanglements,

Me;trappedð¼ Me;total=�
a
t Þ, (iv) the average molecular weight

(length) of the mobile and nonmobile components as well as

their MWDs, and (v) the average relaxation time of the mo-

bile components, sobs.

In more detail, chains are considered monodisperse, and

each of them contains 1641 monomers, corresponding to the

average molecular weight of the reference PnBA sample. All

monomers along the chain are then examined in order to

determine in a statistical way whether they behave as a

sticky point or not: that is, a random number in the range

[0,1] is compared to pst, and if its value is lower than pst

the monomer is considered to act as a sticky junction

(long lifetime sticker). Then the polymeric material is classi-

fied into four categories: (1) Free, linear chains, (2) starlike

FIG. 3. Cartoon of the relaxation mechanisms of a probe chain (thick line).

Large crosses indicate sticky junctions or/and trapped entanglements while

small crosses represent AA groups that are not attached to the junctions.

Upper: At early timescales, the mobile components (thin lines) are still

entangled with the probe chain. The “relaxation blob” is defined by both

sticky junctions and entanglements. Relaxation occurs via pure Rouse

motion only. Bottom: At later times, the mobile components act as solvent,

i.e., they renew their configuration much faster than the probe so that the

relaxation blob is only defined by the large crosses. Chain portions of the

probe between adjacent sticky junctions or/and trapped entanglements can

relax orientation via CRR equilibration. The average molecular weight of

these strands is Me,trapped.
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chains (i.e., containing only one sticker), (3) trapped strands

(i.e., molecular segments which are trapped between the two

extreme aggregates of chains containing at least two aggre-

gates), and (4) dangling branches attached to the trapped

strands (see Fig. 1). By summing up the number of monomers

in each of these categories, we readily determine their relative

weight/volume proportions, i.e., we obtain the volume frac-

tions �f, �s, �d, and �t. Figure 4(a) shows, for various values

of pst, the chains distribution as a function of the number

of sticky junctions. Three different values of pst are shown;

pst ¼ 1=100 (diamonds), pst ¼ 1=500 (circles), and pst ¼
1=1500 (squares). As it is readily seen from this plot,

decreases in the value of pst lead to narrower distributions,

and chains with fewer sticky junctions are obtained; for

pst ¼ 1=1500, for example, the most probable structures

are free linear chains and molecules containing only one

sticker (starlike).

Me;XX, the average molar mass of a segment between two

long lifetime stickers, is determined from the statistical

approach: Here, chains are not classified according to the

number of sticky points they contain, but they are considered

as an infinite linear chain; for this infinite chain, the average

molecular weight of all branches between stickers is esti-

mated, and this value is used for Me,xx. The estimated value

is in accordance with the Flory result

Me;XX ¼ M0

2� pstð Þ
pst

; (19)

where M0 is the monomeric molar mass. (Throughout this

paper, we have used M0 ¼ 128g=mol, the molar mass of the

unfunctionalized monomers.)

The average molecular weights (molar masses) of compo-

nents (1)–(4) above as well as their MWDs have been eval-

uated as follows. For each category, we obtain nN, the

number fraction of strands containing N monomers, and wN,

the corresponding weight fraction, by utilizing the following

equations:

nN ¼
XNP1

N¼1

XN

; and wN ¼
nNNP1

N¼1

nNN
; (20)

where XN denotes the number of strands with degree of poly-

merization N. [In practice, the sum in Eq. (20) extends from

N¼ 1 to N¼ 1641.] Knowing nN and wN, it is straightforward

to obtain the MWDs of the different strands as well as the

MWD of all strands between sticky junctions in the system.

As an example, in Fig. 4(b) we present (symbols) the

obtained MWD of all possible strands for two different values

of pst, i.e., pst¼ 0.2 and pst¼ 0.01. When pst¼ 0.2, the proba-

bility of a monomer acting as a sticky junction is higher there-

fore the system contains shorter branches compared to the

case at which pst¼ 0.01. In both cases, due to the large values

of pst, the system consists of trapped chains mainly, and the

MWD follows the Flory distribution, i.e., the weight fractions

obey the following expression: wFðNÞ ¼ Nð1� pstÞN�1ðpstÞ2.

However, with decreasing pst, free and starlike chains outnum-

ber the trapped ones and the MWD is no longer Flory, the

chain length being monodisperse.

In Fig. 4(c), we present the MWD of the starlike chains

(right), of the dangling arms (left), and of the trapped

strands (middle) for pst ¼ 1=1500. The horizontal axis cor-

responds to number of segments. (Since the free linear

chains are considered monodisperse their MWD is not

shown.) In the same panel, the thin line shows the MWD of

the starlike chains when a different statistical approach is

considered (that is, we randomly decide which of the 1641

monomers behaves as a sticky junction and then we calcu-

late the MWD of the arms considering three million starlike

chains). In Fig. 4(d), we also present the obtained MWDs

when the “left” and “right” arms of the starlike chains are

considered separately (also for the left and right dangling

ends of the trapped chains). It is evident that for both cases

the two end strands have similar MWD as it should be.

Note that none of the MWDs presented in Figs. 4(c) and

4(d) is Flory because the value of pst is low and the back-

bones are monodisperse. Hence, the vast majority of poly-

meric material comprises free and starlike arms which have

a PDI of unity and 1.3, respectively. Sawtooth oscillations

in the curves of Figs. 4(c) and 4(d) are due to the number of

chains considered in the statistical approach. All calcula-

tions in this paper have been performed using 80 thousand

chains; at the expense of computational time, smoother

curves for the MWDs can be obtained considering more

chains, however, the values of �Mw and polydispersity

reported in Tables II and III do not change. The volume

fractions of the mobile and trapped components slightly

change, without a noticeable effect on the rheological

response nevertheless.

FIG. 4. Panel (a): Volume fractions of chains vs the number of sticky junc-

tions per chain for three different values of pst; in particular, pst ¼ 1=100

(diamonds), pst ¼ 1=500 (circles), and pst ¼ 1=1500 (squares). Panel (b):

The obtained MWD for all possible strands (symbols). The lines show the

anticipated Flory MWD. Panel (c): For pst ¼ 1=1500, the MWD of the star-

like chains (right), of the dangling arms (left), and of the trapped strands

(middle). Panel (d): The MWD of the stars and of the dangling arms, as in

panel (c), as well as the MWD of their left and right strands separately.
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The number and weight average molar mass of each com-

ponent, �MN and �Mw, respectively, are calculated through the

following expressions:

�MN ¼
X1
N¼1

nNMN; and �Mw ¼
X1
N¼1

wNMN; (21)

with MNð¼ M0NÞ being the molar mass of a chain with N
monomers, and M0 being the monomeric molar mass. Tables

II and III present the obtained �Mw for all chain types and spe-

cific values of pst, which have been determined by best fitting

procedure in comparison to experimental data of the hydro-

lyzed copolymers (cf. Sec. IV B, Figs. 7 and 8). In the same

tables, volume fractions and PDIs are also shown. In contrast

to volume fractions, PDI and average molecular weights are

rather insensitive to variations of pst, for the range of values

used here. Note that, for the PnBA-AA38 case, the trapped

volume fractions constitutes of chains containing two, three,

and four sticky junctions; here, �Mw of the trapped strands

corresponds to the average molecular weight between the

two extreme sticky junctions. For the PnBA-AA13 copoly-

mer, the trapped volume fraction consists of chains contain-

ing two aggregates only.

The obtained volume fractions and molecular weights are

then used for the estimation of sobs, the average relaxation

time of the mobile fractions; more specific sobs is calculated

according to

sobs ¼ �f sd;f þ �ssfluct;s þ �dsfluct;d; (22)

where sd;f is the reptation time of the free, linear chains. In

the same equation, sfluct;s is the average time taken for com-

plete relaxation via CLF of the arms of the starlike chains,

i.e., the time taken for an arm tip to reach the sticky junction,

while sfluct;d is the average relaxation time for the dangling

arms of the trapped chains. It must be noted that in reality

there is a distribution of times associated with the relaxation

of the mobile polymer fraction, which is not taken into

account in the present model.

At this point, applying the proposed model [Eq. (18)] to

the two hydrolyzed copolymers only requires the values of

the three typical parameters of the original TMA for the

reference sample, i.e., Me;ent; G0
N;ent, and se. These parame-

ters are defined in Sec. IV B. Before doing this, however,

we discuss the thermo-rheological behavior of all three

samples.

TABLE II. Parameterization for the PnBA-AA13 copolymer.

Type of chain Input pst¼ 1/2900 pst¼ 1/3100 pst¼ 1/3400 pst¼ 1/3600 pst¼ 1/4000 pst¼ 1/4300

(1) Free linear �f 0.57 0.59 0.61 0.63 0.66 0.68
�Mw ðkg=molÞ 210 210 210 210 210 210

PDI 1 1 1 1 1 1

(2) Starlike �s 0.32 0.31 0.30 0.29 0.28 0.27
�Mw ðkg=molÞ 140 140 140 140 140 140

PDI 1.3 1.3 1.3 1.3 1.3 1.3

(3) Trapped �t 0.04 0.04 0.03 0.03 0.02 0.02
�Mw ðkg=molÞ 110 110 110 110 109 109

PDI 1.5 1.5 1.5 1.5 1.5 1.5

(4) Dangling ends �d 0.07 0.06 0.06 0.05 0.04 0.03
�Mw ðkg=molÞ 102 102 102 102 103 103

PDI 1.5 1.5 1.5 1.5 1.5 1.5

Me,trapped ðkg=molÞ 430 466 566 630 780 852

sobs [Eq. (22)] 0.67s 0.66s 0.65s 0.64s 0.62s 0.61s

TABLE III. Parameterization for the PnBA-AA38 copolymer.

Type of chain Input pst¼ 1/1400 pst¼ 1/1450 pst¼ 1/1500 pst¼ 1/1600 pst¼ 1/1700 pst¼ 1/2000

(1) Free linear �f 0.31 0.32 0.34 0.36 0.38 0.44
�Mw ðkg=molÞ 210 210 210 210 210 210

PDI 1 1 1 1 1 1

(2) Starlike �s 0.36 0.36 0.36 0.37 0.37 0.36
�Mw ðkg=molÞ 140 140 140 140 140 140

PDI 1.3 1.3 1.3 1.3 1.3 1.3

(3) Trapped �t 0.13 0.13 0.12 0.11 0.10 0.08
�Mw ðkg=molÞ 117 117 115 116 115 113

PDI 1.4 1.4 1.4 1.4 1.4 1.4

(4) Dangling ends �d 0.20 0.19 0.18 0.16 0.15 0.12
�Mw ðkg=molÞ 99 98 99 99 99 101

PDI 1.6 1.6 1.6 1.6 1.6 1.5

Me;trapped ðkg=molÞ 126 132 143 156 172 228

sobs [Eq. (22)] 0.81s 0.81s 0.81s 0.8s 0.76s 0.75s
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IV. RESULTS AND DISCUSSION

A. Master curves and thermo-rheological
complexity

The master curves of the reference sample and the PnBA-

AA13 copolymer are shown in Fig. 5(b). They are obtained

using the horizontal shift factors, aT, presented in Fig. 5(a).

These shift factors clearly exhibit a Williams-Landel-Ferry

(WLF) behavior (black line), i.e., they obey the equation

log aT ¼ �C1ðT � T0Þ=ðC2 þ T � T0Þ where C1 ¼ 5:244;
C2 ¼ 159:14, and T0¼ 45 �C (the so-called reference tem-

perature). Both master curves superimpose very well at high

frequencies, displaying the same Rouse dynamics at this ref-

erence temperature. (Close to the glass transition temperature

the Rouse dynamics can be affected as binary AA associa-

tions are active [22].) From this, we conclude that the sticky

groups along sample PnBA-AA13 do not strongly affect the

local dynamics of the chains. Furthermore, we observe that

both curves show the same level of plateau modulus:

Apparently, the proportion of sticky junctions in sample

PnBA-AA13 is too low to significantly affect the upper pla-

teau modulus and, moreover, give rise to a clear second pla-

teau at lower frequencies. However, the sticky junctions

seem to slow down the terminal relaxation of the material,

with an influence which depends on temperature, producing

large thermo-rheological complexity (TRC) at low frequen-

cies. On the other hand, although the reference sample con-

tains a small percentage (3%) of functional AA groups, it

clearly exhibits a simple thermo-rheological behavior over

the whole frequency range.

Building a master-curve for the PnBA-AA38 copolymer

is more delicate since this sample manifests TRC also at in-

termediate frequencies. In order to follow a consistent

approach, the data of the PnBA-AA38 sample have been

shifted according to the shift factors of the reference and

PnBA-AA13 samples. Furthermore, all the curves have been

horizontally shifted to larger frequencies by a constant fac-

tor, in order to ensure that the high frequency cross-over

superimpose with the respective cross-over of the other sam-

ples. (That is, the WLF shift factors determined from the

reference and the PnBA-AA13 copolymer are all multi-

plied by a factor 2.5) This shift is, most likely, due to the

different glass transition temperature of this sample (see

Table I). The corresponding master curve is presented in

the upper, right panel of Fig. 5 with blue lines. It shows

TRC at both intermediate and high frequencies. For better

illustration, the master curves of the PnBA-AA13 and

PnBA-AA38 copolymers are separately shown at the bot-

tom panels of Fig. 5. It should be stressed that all master

curves presented in Fig. 5 are build without applying a

vertical shift.

TRC implies a failure of the time-temperature superposi-

tion (tTS) principle. Such a failure is often observed in asso-

ciating polymers [2,34]. The physical origin of this failure is

attributed to the different temperature dependence of the

chain relaxation time (which follows the temperature de-

pendence of se) and the association lifetime, sass, and conse-

quently the average number of associated stickers. That is,

the motions of the chains are dictated by two different proc-

esses: (i) Dynamics of stickers and (ii) reorientation of the

entanglement segments (disentanglement), which have dif-

ferent temperature dependence.

Both copolymers exhibit TRC at low frequencies. This is

because the terminal flow is affected by the long lifetime

stickers; here, the dynamics are determined by both disentan-

glement and the dynamics and number of the long lifetime

stickers. With respect to intermediate frequencies, PnBA-

AA38 manifests TRC. This behavior may be due to the rapid

association/dissociation process of binary AA associations,

which is neglected here but it is considered in an accompa-

nying work [35], or due to a distribution of lifetimes of the

sticky junctions. On the other hand, PnBA-AA13 is thermo-

rheologically simple at these frequencies. This behavior is

attributed to the much lower content of stickers compared to

PnBA-AA38: With fewer stickers the distribution of life-

times of the sticky junctions is expected to narrow; also, less

binary associations are anticipated in PnBA-AA13 than in

PnBA-AA38.

B. Comparison with experiments

The plateau modulus of the reference sample has been

determined by best fitting procedure using the ordinary TMA

approach [Eq. (1a)] leading to G0
N;ent ¼ 160 kPa. This value

corresponds to an entanglement molecular weight of 17.5 kg/

mol since G0
N;ent and Me;ent are related through Eq. (11). Both

values seem reasonable compared to literature values [36].

The last material parameter, se, has been fixed to 7:5� 10�5

at 45 �C based on the inverse of the high frequency cross-

over between G0 and G00. The corresponding theoretical

curves (lines) are compared against the master curve of the

reference sample (symbols) in Fig. 6. Here, the solid and dot-

ted lines refer to polydispersity of 1 and 1.3, respectively. It

is obvious that, in the terminal regime, a PDI of 1.3 leads to

a better agreement between the predicted and experimental

FIG. 5. Panel (a): Asterisks and open circles are the horizontal shift factors

for the reference and PnBA-AA13 copolymer, respectively. The line corre-

sponds to the WLF equation. Panel (b): The master curves of the reference

(right), PnBA-AA13 (middle), and PnBA-AA38 (left) samples at a reference

temperature of 45 �C. Panels c and d: For better illustration, the master

curves of PnBA-AA13 and PnBA-AA38 are shown separately.
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curves. Nevertheless, the agreement found by considering

the sample as monodisperse stays acceptable. For this rea-

son, and to keep the modified TMA model as simple as pos-

sible, the PnBA-AA copolymers are considered

monodisperse.

The discussion now turns to the hydrolyzed PnBA-AA

samples. Figures 7 and 8 compare the modified TMA

approach [Eq. (18)] and the experimental data of PnBA-

AA13 and PnBA-AA38, respectively. Apart for the very low

temperatures (�35 �C < T < �5 �C), each temperature is

examined separately as tTS fails for these materials. For

each temperature we determine the best fit value of pst, the

only fit parameter. These values are shown in Fig. 9 as a

function of temperature for both copolymers. From this fig-

ure, one readily observes that pst decreases with increasing

temperature, as expected. The values of pst appear to follow

a single exponential decay: y ¼ y0 þ A exp ð�T=BÞ, where

y0¼ 4:1�10�4ð7:3�10�4Þ; A¼�7:6�10�5ð�2:5�10�5Þ,

and B¼�120 �Cð�47 �CÞ for PnBA-AA13 (PnBA-AA38).

Figure 9 also shows that, for a given temperature, pst rises

with increasing AA content. Since pst, the probability of a

monomer to act as a sticky junction, decays with tempera-

ture, the level of the second plateau, G0
N;trapped, also reduces

with decreasing temperature (see also Fig. 10 below).

It can be seen from Figs. 7 and 8 that for the highest two

temperatures and for both materials the assumption of an in-

finite lifetime is too strong. Therefore, a finite association

lifetime for the sticky junctions must be considered in order

to capture the onset of the terminal regime. For the PnBA-

AA13 copolymer, the following values have been used:

sass ¼ 3� 102s at both 85 �C and 105 �C. Here, the CRR

equilibration time, sCR;R, is longer than sass; that is, sCR;R is

�1500 s and so in the model both faster CRR modes and

FIG. 6. Symbols represent the experimental loss and storage moduli of the

reference sample while lines correspond to theoretical predictions for

PDI¼ 1 (solid) and PDI¼ 1.3 (dotted).

FIG. 7. Comparison between experimental (symbols) and theoretical storage

and loss moduli (dashed and solid lines, respectively) of sample PnBA-

AA13, at several temperatures. The best fit value of pst is also shown. Dotted

lines show G0
N;tot and G0

N;trapped .

FIG. 8. Comparison between experimental (symbols) and theoretical storage

and loss moduli (dashed and solid lines, respectively) of sample PnBA-

AA38, at several temperatures. The best fit value of pst is also shown. Dotted

lines show G0
N;tot and G0

N;trapped .

FIG. 9. pst vs temperature for PnBA-AA13 and PnBA-AA38 (squares and

circles, respectively). The lines correspond to single exponential decays.
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aggregate dissociation contribute to the terminal relaxation.

For the PnBA-AA38 sample, the data are fitted using sass ¼ 6

�103 s and sass ¼ 3� 103 s at 85 �C and 105 �C, respectively.

Here, sCR;R is considerably shorter than sass at both tempera-

tures therefore the terminal relaxation is controlled by the

dissociation of aggregates. All values of sass are more than

two orders of magnitude larger compared to sobs.

Nevertheless, we do not wish to attach heavy significance to

them since terminal flow is not completely reached in the ex-

perimental frequency window, a fact that does not allow us

to discuss the temperature effect on the terminal relaxation

time.

As explained in Sec. III B 3, pst, is the only fit parameter.

All the other parameters are calculated from this value. For

each temperature, the corresponding molecular characteris-

tics of the mobile and immobile (trapped) components of

PnBA-AA13 and PnBA-AA38 copolymers are shown in

Tables II and III, respectively. Using (i) the volume fractions

presented in these tables, (ii) the estimated value of Me,xx,

(iii) the expression Me;trappedð¼ Me;total=�
a
t Þ as well as (iv)

Eqs. (10) and (16), we have obtained the temperature evolu-

tion of Me,trapped and Me;total, presented in the left panel of

Fig. 10 together with Me,xx. We have also obtained the tem-

perature evolution of G0
N;trapped and G0

N;total that is shown in

the right panel of Fig. 10. From Fig. 10, and Tables II and

III, we conclude that the proportion of trapped strands is

quite low, i.e., 2%–4% and 7%–13% for PnBA-AA13 and

PnBA-AA38, respectively. In consequence, the difference in

the level of the (total) plateau modulus, G0
N;total, of the two

copolymers is negligible, which is consistent with the obser-

vation made on the experimental data. Also, we observe that

the average molecular weight between two stickers is large

ranging from 360 k to 510 k and 746 k to 1100k, for samples

PnBA-AA13 and PnBA-AA38, respectively. In both cases,

Me,xx exceeds the molecular weight of the copolymer itself.

Moreover, for all examined temperatures, it is larger for

PnBA-AA13 than for PnBA-AA38 since in the latter case pst

is larger and thus the volume fraction of free chains is lower.

Moreover, for a given sample, it is larger than Me,trapped

since it does not account for frozen entanglements. Note that

the estimated values of Me,xx follow the Flory equation [That

is, Eq. (19) cf. red and blue lines at the left panel of Fig. 10].

The reason for which Me,xx exceeds 210 k, the molecular

weight of the copolymer, is explained as follows. Me,xx is

determined by looking at the molecular weight between long

lifetime stickers of an “infinitely” long chain. That is, in the

statistical approach described in Sec. III B 3 polymer por-

tions of Mw¼ 210 k are not classified into different chains

according to the number of long lifetime stickers they con-

tain, but they are treated as molecular segments of one,

extremely long polymer chain. Obviously, the molecular

weight between long lifetime stickers has a distribution (pol-

ydispersity); Me,xx corresponds to the average molecular

weight of this distribution. Since the used values of pst lead

to large fractions of free chains and starlike molecules, at the

corresponding “infinite” chain many polymer portions

between long lifetime stickers have molecular weight that

exceeds the molecular weight of the copolymer itself. As a

result, Me,xx is larger than 210 k.

In terms of molecular relaxation, our simulations indicate

that most chains simply relax by reptation and/or CLF. For

example, Fig. 11 presents the storage modulus of the PnBA-

AA13 copolymer (black solid line) at T¼ 45 �C together

with the contribution of each component, i.e., the free linear

chains, the starlike chains, and the dangling arms of the

trapped chains (see label). The storage modulus of the refer-

ence material is also shown for comparison. Here,

�f ¼ 0:61; �s ¼ 0:30; �d ¼ 0:06, and �t ¼ 0:03. We note a

small shift toward lower frequencies of the terminal cross-

over of the linear chains in the PnBA-AA13 sample as com-

pared to the respective cross over of the reference material.

This behavior is explained as follows. For the molecular

weight of 210 kg/mol, corresponding to �10 entanglement

segments, the reptation time (when UactiveðtÞ ¼ 1, as it is the

case here) is similar to the terminal CLF fluctuation time of

the half arm (molecular weight of 105 kg/mol). Since we

consider that UactiveðtÞ ¼ 1 the reptation process of the free

chains is not affected by the presence of sticky junctions in

FIG. 10. Left: Evolution of Me;total; Me;trapped , and Me;XX as a function of

temperature for PnBA-AA13 and PnBA-AA38. Lines are the predictions of

Eq. (19). The horizontal line corresponds to Me;ent. Right: The corresponding

G0
N;total and G0

N;trapped .

FIG. 11. Theoretical (black solid line) and experimental (squares) G0, of the

PnBA-AA13 copolymer at T¼ 45 �C. The storage modulus of each compo-

nent is also shown as well as G0 and G00 of the reference material at the same

temperature (dashed lines). G0 mobile (dashed-dotted line) is the sum of all

three mobile components (linear, star, and dangling). Circles correspond to

G0 data of the reference material. The dotted line is the G00 of the linear

chains.
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the surrounding environment. Nevertheless, we observe that

the retraction process of the arms of the free chains is

delayed due to the trapped chains and the unrelaxed sections

of their dangling arms; this process is also delayed due to the

unrelaxed portions of the starlike chains [see Eq. (14); for

the linear chains in the reference PnBA, i.e., in the absence

of stickers, one should consider UðnÞ ¼ 1� n]. The orange

line in Fig. 11 (G0 mobile) corresponds to the sum of the stor-

age modulus of all three mobile components. (The Rouse

contribution is neglected in the calculation of G0 of the mo-

bile fraction.) Up to x � 10 rad/s, this curve follows closely

the storage modulus of the copolymer. Then all mobile frac-

tion fully relaxes and relaxation of the copolymer continues

with CRR equilibration of the trapped strands.

Overall, the model proposed in this article appears to be

useful for the description of linear dynamic viscoelasticity

data of supramolecular networks that have the following

characteristics: (i) Consist of entangled associating chains

that carry a small number of long lifetime stickers and (ii)

constitute of binary associations which their lifetime is much

faster compared to rheological chain relaxation. Owning to

the small number of long lifetime associations, these systems

typically manifest a second low frequency plateau, and have

a high fraction of mobile material, i.e., chains or chain

strands that can normally relax by reptation and/or CLFs.

Thus, the present model is suitable for systems such as the

PnBA-AA38 copolymer presented herein, and the sulfonated

ionomers of [37]. There, the relaxation following the upper

plateau was identified with relaxation of the “end sections”

of the chains, that is, the portions of the chain lying between

the free chain ends and the ionic aggregates closest to each

chain end. Nevertheless, a quantitative analysis of the data

was impeded by the lack of suitable model; it would be inter-

esting to examine whether our model can quantitative

describe these data. On the other hand, the low frequency

data in Fig. 7 (PnBA-13AA) demonstrate a shoulder rather

than a second plateau. It is possible that other relaxation

modes, like hindered reptation, or combination of those

modes with CRR, control the intermediate and terminal

response of the material. Despite the success in fitting the

data, it might be the case that application of the present

model is not appropriate for the PnBA-13AA sample, own-

ing to the too small fraction of trapped strands; this might

explain the unrealistic values that some parameters take in

this case, e.g., Nent ranges, in average, from 24 to 49. (The

range of values of Nent, the number of entanglements

between sticky junctions or/and frozen entanglements, is

more realistic in the case of PnBA-38AA; there Nent ranges

from 7 to 11.)

V. CONCLUSIONS

In this work, we propose a candidate explanation for two

surprising features observed in small amplitude oscillatory

shear (SAOS) experiments on two associating PnBA-AA

copolymers: (i) The emergence of a second, low frequency,

plateau in G0 (clearly evident for PnBA-AA38, but not for

PnBA-AA13), the level of which depends on temperature

and density of AA groups, and (ii) the parallel decay of G0

and G00 at intermediate frequencies prior to the aforemen-

tioned second plateau zone. We attributed these two features

to the presence of long lifetime stickers (aggregates/sticky

junctions). Single hydrogen bonding (AA dimmers) was

completely neglected in this study. In an accompanying

work [35], the opposite physical picture is examined, that is,

the attention is drawn to the effects of single hydrogen bond-

ing on the dynamics, and long lifetime stickers are omitted.

By incorporating the idea of sticky junctions into the TMA,

we have shown that the rheological measurements are rea-

sonably captured by the present model. Within our theoreti-

cal framework, the low frequency plateau zone arises from

unrelaxed chain orientation at large length scales while fea-

ture (ii) above is due to CRR equilibration of trapped stands

(chain portions between adjacent sticky junctions or/and

trapped entanglements) following the relaxation of the mo-

bile polymer chains, which have at least one end not attached

to sticky junctions. The fact that the model well captures the

dynamics of the PnBA-AA38 sample at intermediate fre-

quencies indicates that CRR is indeed a candidate molecular

level explanation of the observed behavior. The molecular

characteristics of the mobile and trapped portions were deter-

mined using a statistical approach at the cost of one addi-

tional parameter only. Finally, we note that

thermorheological complexity was observed for both PnBA-

AA copolymers.
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