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ABSTRACT: We investigate the linear viscoelastic response of model telechelic linear and star (of varying
functionality) polyisoprene melts with different molar masses above the entanglement limit in relation to their
structure. We find that these systems self-assemble as a result of the strong dipolar interactions and form
clusters that seem to depend primarily on the number of dipolar groups per star. The dynamics is rather
complex, but some pertinent features are observed: the segmental dynamics is affected by the telechelic
functionalization, especially for short arm lengths; this reflects the change of microstructure (and thus glass-
transition temperature) with functionalization. The terminal relaxation is much slower compared to similar
nonionic stars, reflecting the relaxation of clusters. Linear semitelechelic polymers (with only one end
functionalized) aggregate in a star-like fashion. We further develop a tube model based on the time-marching
algorithm for stars and linear chains, where we incorporate the association status of the chains via the dipolar
interactions at each time step. The agreement of the predictions with the data, using two adjustable
parameters (the average times when two dipolar pair remain associated or free, respectively), is remarkable

and suggests design criteria for forming desired supramolecular assemblies.

I. Introduction

Introduced in 1960,' telechelics are defined as polymeric
molecules with reactive terminal groups that have the capacity
to form intramolecular as well as intermolecular bonds. In the last
20 years, they have received a great deal of attention because of
their various applications and intriguing properties. Telechelic
groups can be used as a precursor of chain extension of graft
polymers.” They can create transient networks able to flow at
very long times, depending on the lifetime of the supramolecular
associations. Because of the presence of different molecular
interactions, such as enthalpic (hydrophobic, hydrophilic), van
der Waals, and Coulombic, telechelic materials can give rise
to many different self-organizing structures and conformations
with a large variety of macroscopic properties.> ** In particular,
these materials are promising for biological or medical
applications®**~!'" or for the development of new devices in
advanced technology industries.’

To design new soft materials composed of supramolecular
aggregates, a rigorous understanding of the role of different
interactions on the self-assembling process is needed. Different
theoretical and simulation works have been proposed in this
direction'*™?’ for both melts and solutions of self-assembling
functionalized polymers. In particular, understanding the dy-
namics of self-associating polymers carrying one or more asso-
ciating terminal groups has attracted strong interest, supported
by the considerable progress achieved in synthesizing polymers
with well-defined number and positions of the specific reactive
groups. > Telechelic polymers are characterized by a very
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long time dependence of the network structure®*°~** and an

ability to create clusters.*>*~#® Among them, model macro-
molecules with polar end groups represent a simple system to
study the mechanism dI‘lVlIl% intra- and intermolecular aggrega-
tion and related properties.>**40~4>47754 Such polymers of diffe-
rent architectures were obtained from anionic synthesis.*>#*-34

In previous work, we have shown that selective functionaliza-
tion of linear and three-arm star polymers (of varying molecular
weights) with strong dipolar end groups yields a variety of self-
organized structures and a respective dynamics much different
from that of the nonfunctionalized precursor polymers, thus
providing a means for supramolecular structural control.*’**
Despite the progress in understanding supramolecular systems,
the melt dynamics of highly entangled telechelic stars of varying
functionalities and molecular weights has not been addressed.
Here we take-up on this challenge and present a complete analysis
that, we believe, is applicable to different architectures. On the
basis of previous works on nonionic branched polymers,**>® we
propose a tube-based model able to account for both the
associating dynamic of telechelic groups and the molecular
entanglements. By comparing theoretical and experimental re-
sults, we obtain a deeper understanding of the linear viscoelastic
response of these telechelic samples. We address the effect of arm
functionality on the properties of telechelic stars with all arms
capped with the dipolar groups. We also discuss the differences
in behavior between linear and star telechelic polymers. Our
findings suggest general design guidelines for obtaining soft
supramolecular structures with tunable properties.

The remainder of this article is divided in different sections
as follows: Section II presents the experimental details and
Section III presents the modeling approach used. Results are
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presented and discussed in Section I'V. Finally, the main conclu-
sions are summarized in the last section.

I1. Experimental Section

II.1. Materials. The synthesis and characterization of the
o-functionalized linear and star (with 3 and 12 arms) poly-
isoprenes used in this work is described in detail elsewhere.>*
Here we briefly outline the essential elements of the synthetic
procedure yielding nearly monodisperse well-defined telechelic
polymers. We employed anionic polymerization high-vacuum
techniques and chlorosilane chemistry. 3-Dimethylaminopro-
pyllithium (DMAPLIi) was used as a functional initiator to
introduce dimethylamine end groups in the polymeric chain.
The 3- and 12-arm stars were prepared by coupling a small
excess of the linear living chains with trichloromethylsilane
and tetra[2(trichlorosilyl)ethyl]silane, respectively. The linking
reaction was allowed to take place for 3 to 4 weeks. The excess
arms were removed by fractionation in a toluene/methanol
mixture as a solvent/nonsolvent system. The incorporation of
the zwitterionic group was accomplished by the reaction of the
amine-capped polymers with 2-ethoxy-2-oxo-1,3,2-dioxapho-
spholane, synthesized from ethanol and 2-chloro-2-oxo-1,3,2-
dioxaphospholane. The reaction was allowed to proceed for
5 days under an inert atmosphere at room temperature. '"H NMR
analysis showed that the incorporation of the end group was
quantitative.

The linear samples with one phosphoro-zwitterionic end group
are called thereafter semitelechelic polyisoprenes and coded as
PZw-PI, whereas the telechelic linear samples with two end groups
are coded as 2PZw-PI, the 3-arm telechelic stars are coded as
3PZw-PI, and the 12-arm stars as 12PZw-PI. (See Figure 1.) With
the exception of the telechelic linear sample, from each group of the

DWW~
PZw-PI

3PZw-PI

12PZw-PI

Figure 1. Cartoon representations of the linear semitelechelic and star
(with 3 and 12 arms) telechelic phosphoro-zwitterionic polymers used.
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telechelic polyisoprenes, three different molecular weights were
employed, differing roughly by a factor of two from each other.
The molecular characteristics of all samples are listed in Table 1.

I1.2. Methods. SAXS. Measurements were conducted using
a rotating anode (Rigaku 18 kW) X-ray beam with a pinhole
collimation and a 2D detector (Bruker) with 1024 x 1024 pixels.
A double graphite monochromator for the Cu Ko radiation
(A = 0.154 nm) was used. The beam diameter was ~0.5 mm, and
the sample-to-detector distance was 1.3 m. Measurements were
performed at room temperature for films of ~1 mm thickness.
The recorded 2D scattered intensity distributions were averaged
over the azimuthal angle and are presented as functions of the
scattering vector (s = 2 sin /4, where 26 is the scattering angle).

Rheology. Dynamic mechanical measurements were perfor-
med by means of the Rheometrics (now TA) RMS 800 mechanical
spectrometer. Shear deformation was applied under conditions
of controlled deformation amplitude, always remaining in the
range of linear viscoelastic response. Frequency dependencies of
the storage (G') and loss (G”") shear moduli were measured in the
frequency range 0.1—100 rad/s at a deformation amplitude
ranging from 0.5 to 20% depending on temperature and at
various temperatures between 223 and 343 K. The extracted
data were shifted along the frequency axis by means of time-
—temperature superposition (tTS), yielding a master curve. The
geometry of parallel plates was employed with plate diameters of
6 mm and a sample thickness of ~1 mm. Temperature control
(£0.1 °C) was achieved via liquid and gas nitrogen. Before
measurements, the samples were annealed for 48 h in vacuum
at 60 °C, whereas at each temperature, the equilibration was
checked with dynamic time sweep measurements (over the
course of up to 3 h). The thermal expansion of the plates and
change of material density with temperature were taken into
account.

Dielectric Spectroscopy. The setup for the dielectric measure-
ments consisted of the temperature-controlled sample cell and a
Novocontrol system including an Alpha frequency response
analyzer and a Quattro temperature controller. The samples
were sandwiched between two copper electrodes of diameter
20 mm with a thickness of ~50 um. Teflon spacers were used to
control the sample geometry. The dielectric measurements were
carried out at different temperatures in the range from 153 to
373 K and frequencies in the range from 10~> to 10° Hz. The
complex dielectric permittivity e* = ¢’ —ie”, where ¢’ is the real
and ¢’ is the imaginary part, was recorded as a function of
frequency, w, and temperature, 7.

II1. Modeling Considerations

For describing the relaxation of associating polymers, both the
entanglement dynamics and the association process must be
taken into account to predict the relaxation of well-entangled
polymers correctly. Associating polymers will relax in the same
way as their corresponding nonfunctionalized chains, that is, by

Table 1. Molecular Characteristics of the Telechelic Polyisoprene Samples Used

Sample COde /y M‘d [g/mOI]b (MW/Mn)ﬂrm(. (Mw)total [g/mOl]d (Mw/Mn)star Tg [OC]()
PZw-PI-20 2) 19 600 1.06 20900 1.06 —56.0
PZw-Pl-45 ) 47300 1.05 55300 1.05 ~57.4
PZw-PI-100 2) 104 800 1.03 110100 1.03 —60/
2PZw-PI-10 2) 10000 1.09 23200 1.32 —50.1/
3PZw-PI-5 3 5100 1.09 17000 1.10 —40"
3PZw-PI-10 3 10000 1.09 33700 1.06 —=50.1/
3PZw-PI-20 3 20000 1.05 66 500 1.05 —51.2
12PZw-PI-10 12 10000 1.09 110000 1.06 —50.1
12PZw-PI-20 12 20000 1.05 245000 1.05 —55.5
12PZw-PI1-45 12 41700 1.06 520000 1.06 —57.4

“Number of arms (functionality). Linear chains are sometimes considered as the limit where / = 2, but this is of no relevance for the present
semitelechelic linear polymers. * Number-average arm molar mass. In the case of linear chains, the reported value is the total molecular weight. For the
linear polyisoprenes, this number refers to the total molar mass. “Polydispersity in arm molar mass. “Total linear or star weight-average molar mass.
¢Determined as the middle point of the enthalpy step in the DSC second heating trace. / Estimated on the basis of refs 53 (for determining the
microstructure) and 71 (for determining the dependence of T, on microstructure for polyisoprenes).
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reptation, contour length fluctuations (CLFs), and by constraint
release mechanism (CR).>® However, an important difference is
that a telechelic branch can relax only if its chain end is not
associated. We have taken into account this possibility and
appropriately extended the time-marching algorithm (TMA)
for entangled nonionic polymers>® by assessing the associating
status of each molecule at each time step. This allows updating (if
the chain end is not associated) or not (if the chain end is associated)
the survival probabilities of each molecular segment (by reptation
or CLF). To simplify the modeling, one important assumption is
made, which is usually valid for telechelic polymers (and in
particular, for the samples analyzed in this work): we consider that
the average time during which a telechelic branch remains asso-
ciated, Tassociateds 1 Very long, much longer than the average lifetime,
during which it will stay unassociated, 7., and much longer than
the fluctuations times, 7q,c(x), of the different molecular segments
of a unassociated branch: T,gociated = Tirees Triuc(X)-

Also note that for well-entangled telechelic polymers, the
relaxation times of a branch that is dissociated and therefore
able to relax can be quite long, as observed with classical covalent
star polymers. Therefore, it is expected that such a well-entangled
chain will not be able to fully relax (e.g., by CLFs) before
associating again with other telechelic junctions (i.e., Tree <
True). Therefore, these chains will have to associate and dissociate
several times before being completely relaxed. This mechanism,
which was experimentally observed in ref 38, is important because
it allows obtaining a large relaxation times spectrum with
telechelic polymers, even if their associating time is much longer
than the fluctuation times of a free branch (i.e., Tassociated = Trlues
Tree < True)- On the contrary, telechelic polymers in solution or
weakly entangled, that is, characterized by a fast relaxation of a
free branch (T,ssociated > Tiiue Tree > Tiuc), Will necessarily show a
Maxwell relaxation.

On the basis of these arguments, we describe our approach in
detail below.

III.1. Association Process. First, the association process
of a functionalized group must be described. It consists of
two average times: the “association” time, T,ssociated> Which
describes how long, on average, a pair of telechelic chain ends
remains associated and the “free” time, 7., Which describes
how long, on average, a unassociated end chain will stay free
before being again associated to another chain end. For a
given chain end at a given time, 7;, from these two parameters
and from its association status at the previous time step, #;—1,
we can 9etermine the probability of whether it is associated
with ¢ i

Tassociated

—(ti—ti—
pasfas(tl'*latl) :eXp<(’711)> (1)
pas—free(ti—lali) = 1_pas—as(l,‘_1,ti) (2)

— (i~ ti-
Prree—free(li—1,1i) =exp(g) (3)

pfree*as(liflsti) = 1_pfreeffree(ti71>ti) (4)

where p,s.as and pas—rree are the probabilities of an associated
chain end to remain associated or to become free at the next
time step and prree—free ANd Prree—as are the probabilities of
a free chain end to remain free or to become associated at
the next time step. Whereas each extremity of a molecule
is alternating between associated and unassociated status,
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the overall fraction of associated chain ends in the polymer is
a constant, named P, ociated- This value is actually the
fraction of chain ends in the “equilibrated” solution (i.e., at
time > Tgsociated)s Passociated> ad 18 determined by calculat-
ing the fraction of associated chain ends at time #;, knowing
that at time ¢, this fraction was equal to the same, @ ,¢sociated

pas(ti) - (I)associatedpas*as(tif 1 ti)
+ (1 - (Dassociated)pfree7as(ti7 1, ti) (5)

Imposing that the above probability is equal to D, ssociated> WE
find

pfree—as(ti— 1s ti)
- — —  (6)
1 pa157as(ltflalt) +pfreefas([1717[/)

(I)associated =

Asdescribed in Section IV.3., this value is usually higher than
90% for telechelic systems.'”

II1.2. Fluctuation Times. The discussion that follows in this
section primarily concerns telechelic stars. (The presence of
unassociated branches is taken into account in Section II1.5.)
The telechelic samples that are studied in this work are
monodisperse polymers, with all arms of the same molecular
weight, and the same probability of being associated. There-
fore, we assume that the fluctuation times of the molecular
segments along an arm are identical for every branch with a
telechelic end group.

We define here the fluctuation time as the time necessary
for a free arm segment to relax by CLF. The fact that the arm
relaxation is not allowed when its extremity is associated is
taken into account in another term, which will be discussed
later. Given this definition, the fluctuation times of the
molecular segments of a star arm, localized by the normal-
ized variable x (going from 0 at the extremity of the chain to
1 at the middle), can be described as for a regular star
polymer, that is, by combining early and activated fluctua-
tions processes. As explained in ref 56, the early fluctuations
process describes the relaxation of the tube segments loca-
lized at the extremities of the chains and which require a low
retraction potential (x < x, U(x,) = kT). For deeper
fluctuations, activated fluctuations must be used, ensuring
the continuity between these two processes

2

9 [ M,

Tearly(x) - ﬁ(M—dO> 77R,che:1inx4 for x< Xir (7)
€

Tfluc(x) = Tearly(xtr) exp (W) for x < x¢
(8)
oU(x) [ M, o
3 <Me, 0) xP(x) 9)

where M. is the molecular weight between two entangle-
ments, M, is the molecular weight of an arm, and Tgr chain 1S
the Rouse time of an arm. One way to account for CR effects
is to consider the dynamic tube dilution (DTD) process
because of the action of the relaxed parts of the arms at a
given time as effective solvents for the unrelaxed ones.
Indeed, in eq 9, we account for the effective molecular weight
between two entanglements, M.(7), which is defined as being
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equal to M, o/®(x)*, with ®(x) being the arm fraction that is
not considered as a solvent at the time when the segment x
is relaxing®”*® and o being the dilution exponent, which
represents how effective this dilution effect is. As in our
previous works,>” it has been fixed to 1, considering entangle-
ments as binary events. Defining ®(x) in the case of a
telechelic monodisperse polymer is not a trivial task. At very
long times, that is, when all arms have already changed
several times their association status, the usual assumption,
which is based on the fact that fluctuation times are expo-
nentially separated along the branch and according to which
the same arm fraction is relaxed for each arm of same
molecular weight, is valid. Therefore, as for a nonfunctio-
nalized monodisperse star polymer, ®(x) can be approxi-
mated by (1 — x). However, at shorter times, the time during
which a star arm was not associated can vary substantially
from one star to another. Therefore, the polymer fraction,
which does not act as a solvent, is not necessarily equal to
(1 — x). Nevertheless, because at these times the fluctuations
of the branches are mainly described by the early relaxation
process (eq 7), which does not depend on the DTD, approxi-
mating ®(x) by (1 — x) does not significantly affect the
results.

Note that one could consider defining the unrelaxed
polymer fraction as being equal to the polymer fraction,
D sociated- HOWever, this approach is not correct because it
does not account for the dynamics of the association process,
that is, the fact that for well-entangled telechelic polymers
the association status of each arm could have changed
several times on the observed time scale. In particular,
because the values of @, ociatea are generally higher than
90%, the fluctuation times of a “free” star polymer with long
arms (for example, sample PI12-40, Table 1) are predicted to
be much longer than by accounting for the telechelic associa-
tion of the branches.

I11.3. Association Process. “Equilibrated” Solution. Star-
ting from the fluctuation times of the different segments
along an arm, the easiest way to account for an associated
arm that is not able to relax is by rescaling the time to
consider only the fraction of time during which the chain end
was unassociated, that is, free to move. Therefore, at a
specific time, ¢, only a fraction (1 — @ gociatea) Of this time,
t, is considered in the calculation of the survival probability
of a segment x along the arm

(10)

— (1 — Dyg50ci t
Dt (x’ [) o eXp ( ( assocmted) )

Tfluc (X )

However, as will be discussed in Section IV.3 below, this
expression is only valid for > 7,4 ciated, that is, when each
arm has been already associated and free several times. At
shorter times, the association—dissociation process of each
arm must be accounted for at each time step because at the
next (small) time step, a free-end arm (or chain) will not have
the same probability of becoming associated as a chain-end
that was already associated. (See eqs 1 and 4.) In the same
way, a free chain end will not have the same probability as an
associated chain end to be free. (See eqs 2 and 3.)

From the above, it becomes evident that considering the
“equilibrated” solution represents a fast way to determine
the ratio between Tpe. and T,ogs0ciated and thus to fix one of the
two degrees of freedom in the problem. By comparing model
predictions and experimental data, only one value of the
ratio Tree/Tassociated €an make the model to capture the
terminal regime correctly.

II1.4. Association Process. Times before the *Equili-
brated” Solution. Before the “equilibrated” solution, that
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is, at times smaller or similar to T,gsociated» We need to follow
the association past of each arm. Furthermore, it is crucial to
consider very small time steps, much smaller than 7., in
order not to miss important information about the disasso-
ciation process and hence obtain results independent of the
choice of this time step. This last condition has a large
influence on the calculation time required for determining
the rheological behavior of telechelic systems. Indeed, the
relaxation modulus, G(7), must be calculated over several
orders of magnitude in time with a very small, linear time
step.

To reduce the calculation time, we make two simpli-
fications: (i) At a specific time, the survival—fluctuation—
probability of a segment will depend on the fotal time during
which the observed arm has been free to move and not on the
sequence between its association and dissociation status.
This allows summing-up the “free times” of an arm without
keeping account of its exact associating history. (ii) As a
consequence of part i, only the association status at the last
time step #;—; must be known to predict the new status of a
chain end at time ;. (See eqs 1—4.)

Without these considerations, the number of arms having
a different past history would increase by a factor of two at
each time step (because each of them can become associated
or free). However, now two arms with the same previous
association status and the same total “free” time can be
grouped, which considerably reduces the number of different
arms to consider.

On the basis of the above, the different association—
dissociation histories for the arms are stored in a three-
column matrix, M, in which each line i is related to arms
that, in total, have been free to move during the same time
and have the same associating status at the last time step.
Their proportion is described in the first column, whereas the
second column gives this total free time during which the
arms were dissociated and the third one represents the
association status of the arms at the last time step considered.
Including the CR effect, which involves the rescaling of M,
on the global scale of the polymer (in addition to its influence
in eq 9), the relaxation modulus is therefore expressed as

G(r) = GY(S_ (i, 1)( /0 Priuesi(6: 1) d) 7 + Grousel!
(11)
with
pfluc, l(xa t) = exp ( __rﬂl\:lc((l;?)> (12)

where GY% is the plateau modulus of the polymer, o is the
dilution exponent, and Grous(?) takes into account the high-
frequency Rouse contribution.”” Because it is updated at
each time step, the matrix M is also a function of time.
II1.5. Unassociated Polymer Branches. In addition to the
telechelic star arms, the possibility of having unfunctiona-
lized end groups in the polymer must be considered. Indeed,
from the synthetic procedure, there is always a possibility of
having a small fraction of unfunctionalized star arms, which
can lead to a small fraction of incomplete supramolecular
structures. To test the influence of a small fraction of
unfunctionalized arms, we can extend the above approach
by considering a blend of telechelic and nonionic arms of
identical molecular weight. From eqs 11 and 12, this mod-
ification is nearly direct because it requires only the addition
of a term for the nonionic arms. However, the polymer
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Figure 2. Total SAXS intensity profiles (intensity against the scattering
wavevector s = ¢/2m) for telechelic three-arm polyisoprene stars
indicating the effect of the arm length. The effect of the number of
arms (functionality) is shown by comparing the SAXS intensity profiles
of the telechelic star polyisoprenes 3PZw-PI-10 and 12PZw-PI-10,
having the same arm molecular weight.

fraction that does not act as a solvent, ®(x), used in eq 9 for
determining the fluctuation times of the molecular segments
along the arms, must be modified accordingly. Because the
relaxation times of a nonionic arm and a telechelic arm differ
by several orders of magnitude (as assumed in the modeling),
we have assumed that the telechelic arms are still oriented
during the relaxation of the nonionic arms (thus the unre-
laxed part of the polymer, knowing that a branch of a
nonionic arm is relaxed until Xpanch, P(Xpranch) = Vielechelic +
(1 - Utelechelic) (1 - xbranch)a with Vielechelic the volumetric
fraction of telechelic branches) and that the nonionic arms
are fully relaxed when the relaxation of their telechelic counter-
parts starts (thus the unrelaxed part of the polymer, knowing
that a branch of a telechelic arm is relaxed until X cjechelics
with q)(xtelechelic) = Utelechelic (1 - xlelechelic)-

IV. Results and Discussion

IV.1. Structural Features. Figure 2 depicts the SAXS
intensity as a function of the scattering wave vector, s, for
the three telechelic three-arm polyisoprene stars of various
molar masses. The observed scattering effect results pri-
marily from the aggregation of the functional groups into
microdomains, which constitute areas of electron density
contrast with respect to the polyisoprene matrix. The broad
but intense peaks accompanied by less-intense second-order
intensity maxima indicate relatively well-defined spatial
correlations of these aggregates but do not allow for more
detailed assignments concerning their forms and types of
spatial order. The ratios between the positions of the first and
second peaks are equal to 0.6, 0.54 and 0.55 for 3PZw-PI-5,
3PZw-PI-10, and 3Pzw-PI-20, respectively. We characterize
the size scale of the ordering (or correlation length, dpe,x) by
taking into account the positions of the first intensity max-
Ima (Speak): @peak = a/Speak (Where a = 1.23 for a structure
controlled by two-body correlations).*”->%° This size is
considered to be the distance between nearest neighboring
centers of ordered entities, that is, clusters of functional
groups, and is of a different origin than the order that has
been observed in nonionic analogues such as multiarm star
polymers>® and block copolymer micelles.®! Indeed, here it is
due to scattering of the zwitterionic groups (which
aggregate), in contrast with the cores of nonionic stars and
block copolymer micelles. Consequently, the latter can form
a liquid-like order where the particle centers are in cubic
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arrangements, whereas in the present case, it is the junctions
that are arranged accordingly. This order could be compared
with the ordering of other telechelic stars (three-arm stars),*’
albeit only qualitatively (i.e., formation of aggregates)
because here the study of supramolecular assembly refers to
systems with different functionality, molar mass, and
strength of dipolar groups. It is interesting that these values
of dpeax (Figure 2) conform to dpeax ~ M3 as reported
before for other star systems in the melt.>” Here this correla-
tion may suggest that the aggregates independently of the
arm lengths consist of nearly the same number of functional
groups. The correlation distances determined from the
SAXS results provide the possibility of extracting the aggre-
gation number of the ordered zwitterionic domains; each of
these clusters is considered on average as a dense object with
volume V = dpeak3 = nNg.v, where n is the aggregation
number, Ny, s the degree of polymerization of the star, and
v = m/pNn is the segmental volume (1 is the molecular mass
of the monomer, p is the polymer mass density, and Ny is the
Avogadro number). Indeed, for the three samples with the
three-arm stars 3PZw-PI-5, 3PZw-PI-10, and 3PZw-PI-20,
we find nearly the same n, that is, 27, 32 and 25, respectively.
This implies that the star molar mass affects the correlation
length of the clusters, but their aggregation number appears
to be controlled primarily by the electrostatic attractions, at
least for the range of molar masses investigated. The latter
does not seem to conform to the findings of recent dilute
solution studies, which suggest that there is a tendency for
reduced aggregation number with increasing arm molar
mass because of excluded volume effects.>® However, there
may be a quantitative difference (for instance, the threshold
molecular weight for observing the reduction in aggregation
number) between solutions and melts.

The effect of the number of arms for stars of the same arm
molecular weight on their ordering is also depicted in Fig-
ure 2, where the SAXS intensity profiles are plotted for
3PZw-PI-10 and 12PZw-PI-10. Here it is evident that
whereas the features of liquid-like order remain, increasing
the functionality leads to stronger order with larger correla-
tion length. The ratios between the position of the first and
second peaks are equal to 0.54 and 0.62 for 3PZwPI-10 and
12PzwPI-10, respectively. From these data, the extracted
apparent aggregation number varies from 32 to 18 as the
functionality is increased from 3 to 12. The implication is
that the formation of stable aggregates primarily depends on
the number of dipolar groups and the reduced entropy due to
increased functionality (especially near the star center) and
not so much on the possible stereochemical hindrance due to
the size of the arms (as demonstrated in Figure 2). This
finding is consistent with experimental observations from
three-arm stars end-capped with sulfozwitterion groups,
where the stars with all arms functionalized had a smaller
degree of association.*’” In this context, we mention the
relevant work of Likos of coworkers®* ¢ who studied the
association behavior of telechelic star solutions as function
of the effective size and strength of the end groups and
volume fraction. For low-functionality stars, the watermelon
type of structures was reported. From the above discussion,
intramolecular associations in the case of 12-arm stars
cannot be excluded. Note that these features were unchanged
after long annealing (on the order of 24 h). However, recent
work suggests that these systems may change (at least in
the intermediate time range associated with association—
dissociation balance) over much longer periods.?’

IV.2. Rheology. Figure 3 shows the mechanical spectra of
three telechelic three-arm star polyisoprenes with varying
arm molar mass. These master curves represent dynamic
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Figure 3. Effect of arm length on the linear rheological response
(frequency master curves at references temperature 7, = 233 K) of
the telechelic three-arm polyisoprene star melts. The terminal region is
characterized by the slopes 1 and 2 for G and G', respectively. The
arrow indicates an extra relaxation peak, corresponding to the relaxa-
tion of the unassociated branches. The thin curves for sample 3PZw-PI-
S represent the initial data before shifting them in such a way that the
high-frequency dynamics become the same as that with the other
samples. The bold curves represent the predicted storage and loss
moduli.

frequency sweeps referring to a temperature Tor = 233 K.
All three samples exhibit nearly the same plateau modulus,
which has been estimated to be 5.7 x 10° Pa. This value was
used in the modeling (discussed in Section 1V.3) and is
relatively large compared with the plateau modulus of un-
functionalized linear polyisoprene samples (about 4.5 x
10°Pa).®*%* This is attributed to the presence of junctions
and the formation of clusters due to the dipolar groups (as
discussed below). Such an increase in the plateau modulus
has already been observed with other telechelic systems> and
is discussed in Section I'V.3. The samples flow at low enough
frequencies, Virtuall%/ following the classic Newtonian term-
inal scaling G’ ~ w” and G ~ w. The terminal relaxation
times of these functionalized stars are, however, much longer
than the corresponding times of the unfunctionalized stars
with the same arm molar masses. This is attributed to the
temporary trapping of the functionalized arm ends in clus-
ters, which were detected by the SAXS. The observation
of flow of the systems at long times, in the range of tem-
peratures for which the cluster presence has clearly been
observed by temperature-dependent SAXS measurements
(up to 100 °C for 3PZw-PI-10, as seen in Figure 4), indicates
that the clusters are transient structural units (much like
other telechelic or surfactant self-assemblies) with a certain
lifetime that is related to the probability with which a single
arm can escape a cluster to take part in the observed flow of
the star. (Also see the Modeling Consideration section.) Such
a picture suggests that there could be two possible states of
the functionalized arms, trapped in the clusters and free
(intermittent) state.
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Figure 4. Temperature-dependent SAXS measurements with 3Zw-
PI-10 sample in the range of 50—110 °C.

As observed with most of the telechelic systems,?’#"48:64767
these samples show a thermorheological complexity around the
minimum of the loss modulus, that is, when the chains start to
escape from the telechelic junctions (see also Figure 5). This
process depends on the strength of the junction and the
temperature. However, depending on the chemistry of the
dipolar group (and not the arms), this mechanism is not
expected to exhibit the same temperature dependence with the
relaxation time of an entanglement segment, 7. Therefore, the
motions of these telechelic polymers are governed by two
different mechanisms (dissociation and disentanglement) with
two different “internal clocks” (Tassociated and 7.). Before the
chains escape from the junctions, the dynamics of the entangle-
ment segments (7.) is the only mechanism at place, and the
sample shows a thermorheologically simple behavior. At low-
enough frequencies corresponding to the “equilibrated” solu-
tion (Section II1), there is a need to account for the temperature
dependence of both the disentanglement and the dissociation
processes. In this region, the association—dissociation process
slows down the relaxation of the polymer but does not alter the
shape of its rheological curves. The sample can exhibit a
thermorheologically simple behavior. Experimental results
from literature support this scenario.””*”*3%*~¢7 It was recently
shown that the relaxation moduli in this low-frequency region
present the same shape as the ones of the unfunctionalized
analogue polymer but shifted to lower frequency.” At inter-
mediate frequencies, where eq 10is not yet valid, the temperature
dependence cannot be easily described because the relaxation
status of the molecules changes. This leads to the thermorheo-
logical complexity of the sample in this frequency region.
Furthermore, as shown in Figure 3, in this frequency
range, a secondary relaxation is observed, which leads to a
small shoulder in the loss modulus curve (samples 3PZw-PI-
10 and 3PZw-PI-20). As indicated in ref 29, this relaxation
depends on the annealing time and is considerably reduced
when the system is fully equilibrated after long time. On the
basis of the model analysis (Section IV.3), we can show that
the corresponding relaxation relates to the arms that are not
able to associate and hence are not in equilibrium (because
on average, the probability for a telechelic end to be asso-
ciated is equal to 99%). For the samples presented in this
work, the average fraction of such arms is ~12% (Section
1V.3, and Table 2), apart from sample 3PZw-PI-10, which
exhibits a large amount of unassociated branches (50%). The
annealin% time of this latter sample was probably not long
enough.” Note that among these free arms, one could also
find a small fraction of unfunctionalized branches.
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Table 2. Survival Time of a Free Telechelic End Group, 7., Survival Time of a Telechelic Junction, 7,ciateas and Volumetric Fraction of
Unassociated Branches (free arms)

Three () Tassociated (S) Free arms (%)
3PZw-PI-5 10 10° 20
\K 3PZw-PI-10 700 10° 50
397.8.?: 3PZw-PI-20 200 2.510° 15
Three () Tassociated (S) Free arms (%)
% 12PZw-PI-10 9 10 13
5 12PZw-P1-45 700 10° 5
12PZ.w-P1

Both cases (unfunctionalized or out-of-equilibrium) must
be taken into account in the modeling part. (See Sections 11T
and IV.3))

An additional remark here concerns the segmental dy-
namics and, in particular, the glass transition (G'—G" high-
frequency crossover), which is influenced by the arm molar
mass. In particular, the sample 3PZw-PI-5 shows a much
slower segmental dynamics than samples 3PZw-PI-10 and
3PZw-PI-20. (See the thin lines in Figure 3.) This is in
agreement with the glass-transition temperature (7,) values
determined using DSC. (See Table 1.) The 7, increases with
decreasing chain length, which is opposite to behavior of melts
of nonionic chains with corresponding length.®® In general,
a star has a T, very close to that of a linear chain, which
increases with molar mass and remains constant for high
molar masses.®®*7° In the present situation, two reasons can
be considered to be responsible for the observed effect: (1) the
use of polar initiator containing dimethylamine group in the
synthesis affects the microstructure of polyisoprene, increas-
ing the amount of 3,4-content,**3*7! and (2) the decrease in
arm length increases the number of chemical and physical
“cross-links” created in this system by the star centers and
the phosphoro-zwitterions aggregation, respectively. The
microstructure of the amine-capped precursors used for the
synthesis of the telechelic linear and star polyisoprenes is
given in Table 3. The 3,4-content is found to be much higher
than that with nonionic polyisoprene sample because of
the fact that polar groups change the microstructure of
polydienes.*>*

The T, dependence on microstructure was studied by
Graessley et al”' for polyisoprenes and hydrogenated poly-
isoprenes, showing a quadratic dependence of 7, on the 3,
4-content. On the basis of these results, we estimated the T,
value of the three-arm star with the smallest arms (PI-5 in
Table 3) to —40 °C. Because the significance of both effects (1)
and (2) is reduced for the longer star arms, the glass transition
of 3PZw-PI-20 is close to the linear polyisoprene, and that of
3PZw-PI-10 is only weakly increased, as confirmed by the T,
values reported in Table 1. We expect a larger effect of the
microstructure for sample 3PZw-PI-5, which contains a large
raction of 3,4 microstructure.>>’" This is indeed reflected in its
segmental dynamics, as demonstrated in Figure 3, where the
G'—G" crossover in the high-frequency Rouse regime appears at
much lower frequency than for the samples 3PZw-PI-10 and
3PZw-PI-20. This effect should be taken into consideration
when comparing times by accounting for the isofrictional
relaxation times.

The latter point is confirmed in Figure 5, which shows
the master curves of linear and star (2, 3, and 12 arms)
phosphoro-zwitterionic end-capped polyisoprenes with the

Table 3. Microstructure of the Precursors for the Synthesis of the
Telechelic Linear and Star Polyisoprenes Described in Table 1 from

(Ref 53)
M, [g/mol] 1.4 wt %" 3.4 wt %"
PL5 5100 66 34
PI-10 10000 78 2
P1-20 20000 81 19
P1-40 41700 89.5 10.5
PL-100 104800 93 7

“Determined by "H NMR in CDCls

2Zw-PI-10

p
3PZw-PI-10

G', G" [Pa]

J12PZw-P1-10
o7 f
1 p

107 107 10° 10*
o [rad/s]

Figure 5. Master curves (at T,r = 233 K) for the polyisoprene melts,
linear, and star with different arm numbers, having the same arm molar
mass M, = 10000 g/mol.

same arm molar mass. It is evident from this Figure that the
glass transition in the three cases is approximately the same,
as expected based on the above argumentation. Moreover,
this Figure demonstrates that the effect of increasing arm
functionality is severely slowing down the dynamics, pre-
sumably because of the corresponding larger cluster size.
(See also the Discussion in the next section.) It is also
interesting to note in this respect that the separation between
the broad G"” maximum and the G'—G" crossover is more
pronounced in the 12-arm star case; this separation relates to
the wide range of arm relaxation modes, where in the present
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Figure 6. Comparison of (a) mechanical and (b) dielectric master
curves (at Tyer = 233 K) of linear semitelechelic PZw-PI-20, indicating
the high-frequency segmental and low-frequency terminal relaxations.
The curves in part b built from data at different temperatures (from 153
to 373 K) show a large thermorheological complexity.

situation, the arm is considered to be a segment between two
junction points (star center, dipolar association) and the
concentration of junctions (related to a specific molecule)
is larger for the 12-arm star. Also note that the semitelechelic
linear sample exhibits a relatively fast relaxation, which is
due to the fact that it should be able to relax always because
of its free end.

Dielectric spectroscopy is particularly useful for studying
the molecular motions of polyisoprene because it reveals
both the end-to-end chain motion (normal mode) and the
short-time scale motion (segmental mode). Its complemen-
tarity to the mechanical spectroscopy is demonstrated in
Figure 6, which depicts the (a) mechanical and (b) dielectric
spectra of the semitelechelic linear PZw-PI-20. This Figure
also confirms the interpretation of the rheological findings
above. Figure 7 depicts the respective terminal (z,) and
segmental (z,) relaxation times for telechelic stars with three
arms and different arm molar masses. The results, presented
in the form of an activation plot, support the observed effect
of arm molar mass on the segmental motion and the respec-
tive slow terminal region. In agreement with the rheological
data of Figure3, we observe a slowing-down of the segmental
dynamics with decreasing their arm molecular weight, which
is due to their different microstructure’' (Table 3). On the
other hand, the finding that increasing M, yields slower
terminal relaxation appears to be a consequence of the fact
that the flow of the star depends on: (i) the probability of
belonging to a cluster (i.e., on the lifetime of a free telechelic
junction, the lifetime of an associated junction depending
only on the strength of the electrostatic attractions, which is
independent from M), as already mentioned and (ii) the size
of the star, which depends on the M, (much like the arm
relaxation in unfunctionalized stars) and is further discussed
in the next Section.

IV.3. Quantitative Analysis. Material Parameters and
Survival Times. To predict the linear viscoelasticity of tele-
chelic polymers, we need first to define the three material
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Figure 7. Dielectric data of the temperature dependence of the seg-
mental (z;) and terminal (z,) relaxation times for the three-arm stars
with various arm lengths. The vertical dashed line identifies the T, of the
linear 1,4-polyisoprene (—55 °C).

parameters relative to tube models, that is, the plateau
modulus, G%, the molecular weight between two entangle-
ments, M., and the Rouse time of an entan%lement segment,
7..”? As already mentioned, the value of G% at —37 °C was
fixed to 5.7 x 10° Pa, a value slightly larger than the plateau
modulus of unfunctionalized polyisoprene samples,®*®* pos-
sibly because of the presence of telechelic junctions, which
increases the effective cross-link density of the samples and
forms clusters.?’ On the basis of this representation, the value
of the plateau modulus should slightly increase with the
density of clusters, that is, with decreasing the molar mass
of the star arm. This is indeed observed in Figures 3 and 8§,
where the larger discrepancy between the predicted and the
experimental plateau modulus is observed for sample 3PZw-
PI-5, whereas for sample 12PZw-PI-40 the agreement is very
good. However, it is difficult to quantify this effect, which is
relatively small. Therefore, we preferred keeping a constant
value for describing the plateau modulus. The molar mass
between two entanglements, M., was fixed to 3800 g/mol.
Considering a density of 0.89 g/mol at —40 °C (using a
temperature-dependent density of polyisoprene, p =
0.86431 — 0.00054441*T),7 this is within the 15% of the
G% — M, relationship (G% = 4pRT/5M,). The Rouse time of
an entanglement segment, 7., was fixed to 12s at —40 °C. To
compare theoretical and experimental results, the experi-
mental data were horizontally shifted for suppressing the
effect of the different 7, values of the samples (Table 1) and
thus for ensuring that all samples present the same high-
frequency Rouse dynamics.”*

As discussed in Section III, to predict the rheology of
telechelic polymers, the lifetime of a telechelic junctions
Tassociated a8 Well as the lifetime of a free chain end, 7., must
be defined. To obtain an idea about their values, these times
were first estimated via a best fitting procedure for each
sample. Then, for a rigorous determination of T,sociated and
Trree» We first considered the “equilibrated” solution in the
terminal regime (Section III), which provided the ratio
between the two lifetimes. As shown in Figure 8a, by varying
the values of Tussociated @nd Tpee While keeping their ratio
constant, results in a wide range of rheological behavior
from the “equilibrated” solution (if T,ssociateds Trree << Tfluc)»
according to which a large fraction of the polymer is already
relaxed at intermediate frequencies (around 10™* rad/s),
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Figure 8. (a) Predicted storage and loss moduli for sample 12PZw-PI-
45. Results are obtained by fixing the ratio Tree/Tassociated = 7 X 107,
and by considering either the “equilibrated” solution (green, thick —),
or the full model with Tgee = 7 % 10° s (red, ---), with Tgee = 7 X 10°s
(blue, -.-), or with Tgee = 7 x 10* s (black, thin —). (b,c) Comparison
between theoretical (---) and experimental (symbols) storage and loss
moduli for the 12-arm stars with various arm lengths.

to a Maxwell description (if Tree > Tpue), according to which
an arm is considered relaxed as soon as it becomes unasso-
ciated. For the present experimental systems, the arms are
well-entangled and have relatively long relaxation times.
Therefore, the disentanglement mechanism competes with
the dissociation process, and the switch between associated
and unassociated state must occur several times before the
complete relaxation of a molecule. This leads to a broader
terminal relaxation peak of the loss modulus, in accord with
the experimental observations.

As expected, all curves in Figure 8a superimpose at low
frequencies (0 < 1/Tgees 1/Tassociated) because they are char-
acterized by the same ratio Tpee/Tassociated- (S€€ Section II1.)
Knowing the Tpee/Tassociated Tatio, the exact value of the un-
associated and associated times are easily determined because,
as shown in Figure 8a, the shape of their relaxation peak is very
sensitive to these values. These two times are considered here to
be best-fit parameters, and their different values are presented
in Table 2 for the telechelic star polymers. Apart from the
sample with very short arms (3Zw-PI-5), all samples have very
similar values of T,gociated- T his is consistent with the fact that
this survival time should mainly depend on the chemistry of the
telechelic bond as well as on the aggregation number of the
ordered zwitterionic domains, which are very similar for the
different polymers. (See Section I'V.1).

The time during which an unassociated arm end stays free,
Tfree> Strongly varies depending on the arm molar mass and
the star functionality and hence on the mobility of the arm.
Also note that for all samples, the ratio Tgee/Tassociated 1S VETY
small. This ensures that on average more than 99% of the
chain ends remain associated.

1V.4. Model Predictions. Telechelic Star Polymers. The
predictions obtained for the 3-arm and the 12-arm star
telechelic polymers are compared against the experimental
data in Figures 3 and 8, respectively. The small peak that
appears in the G” curves in the intermediate region and that
corresponds to a small fraction of unfunctionalized arms or
arms in intermittent situation (not associating with neigh-
boring groups’), has been taken into account in the model.
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As discussed in Section II1, it corresponds to a small polymer
fraction, relaxing much faster than the telechelic star mole-
cules. The fraction of free arms considered with the diffe-
rent samples is described in Table 2 and has been fixed by
best-fitting procedure. The different value of 3PZw-PI-10
explains why the viscoelastic curves of this sample are quite
different from the other ones, showing two distinct relaxa-
tion peaks in the loss modulus curve.

As shown in Figure 3, the model captures very well the
experimental data of the three-arm telechelic star polymers,
using only two parameters, Tassociated aNd Trree (in addition to
the fraction of unfunctionalized arms, see Table 2), and
provides a clear picture of the association mechanism. This
is mainly due to the fact that both disentanglement and
dissociation processes are considered simultaneously, not
accounting for the relaxation of an arm when it is associated.
Accounting for these two “internal clocks™ of the polymer,
this model describes the rheological behavior, which differs
from the simple Maxwell relaxation observed with telechelic
samples, where arm relaxation is activated immediately after
its dissociation (and characterized by tq,. < Tfree%. This last
case is mainly observed with short branches®’ or with
telechelic polymers in solution.'*"”

In Figure 8b,c, the predictions obtained for the 12-arm
telechelic star polymers are compared with the experimental
data. Results obtained are less accurate than with the three-arm
star molecules. Indeed, in this case, an extra relaxation process
is observed at very low frequency in the experimental data,
which cannot be captured by the model. Whereas its origin is
not clear, it is tempting to relate it to a similar terminal
relaxation process observed with multiarm star polymers,’®
which was attributed to the relative motion of the center-of-
mass of the stars. This was seen as a reflection of the colloidal
nature of the stars, which feel an excluded volume on their own
size scale, that is, caging.® This is indeed not taken into account
in the model, according to which a telechelic star is relaxed as
soon as its arms are disoriented. As explained in the literature,
this colloidal feature is usually observed for star polymers with
a higher functionality (¥ > 30).”%7® However, as evidenced by
the SAXS data (Section I'V.1), the 12-arm star samples contain
a larger amount of intramolecular associations, which could
increase their colloidal character compared with the corre-
sponding nonionic molecules.>*

Semitelechelic and o,w-Telechelic Linear Polymers. As
shown in Figure 9 and discussed in the previous section,
the relaxation of the semitelechelic linear sample PZw-PI-20
is fast compared with the corresponding telechelic star
polymers. This is explained by the fact that when the
telechelic extremity of a molecule is trapped in a cluster of
zwitterionic bonds the other unfunctionalized extremity is
free to move. Therefore, the semitelechelic molecule is always
able to relax and, according to the theory, its relaxation can
be described by two different processes: it relaxes as a star
polymer with arms of molar mass M, = 20 kg/mol when
its functionalized chain-end is associated, and it relaxes
as a linear chain (or a two-arm star polymer with M, =
10 kg/mol) when it is unassociated. However, because the
fluctuation time of an arm with M, = 20 kg/mol is much
shorter than the association time of the zwitterionic end, this
sample effectively relaxes as a stable multiarm star polymer
with M, = 20 kg/mol and is composed of a core formed by
the different zwitterionic bonds. (See Figure 9a.)

In Figure 9a, predictions obtained by considering this
latter picture are compared with the experimental data.
The agreement is very good, supporting our hypothesis.
The extra relaxation process observed at low frequency
in the experimental data is due to the above-mentioned
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Figure 9. Comparison between theoretical (lines) and experimental

(symbols) storage and loss moduli for the linear telechelic and semi-
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Figure 10. Cartoon representations of the relaxation of an entangled
telechelic linear polymer. (a) Reference coordinate: a linear chain is
considered as a two-arm star molecule. (b,c) When a telechelic group
becomes unassociated, the linear chain relaxes as a branch of M, =
20 kg/mol. Note that the probability of having the two telechelic end
groups unassociated at the same time is negligible.

colloidal behavior of the core of these star structures’® and
cannot be taken into account in the model. On the other
hand, the viscoelastic data of the telechelic linear sample
2PZw-PI-10 are shown in Figure 9b. Because their two
ends are functionalized, these molecules relax much slower
than the corresponding semitelechelic case. (See Figure 9a.)
Because the probability for a chain to have two unassociated
end groups at the same time is extremely small, we can
neglect their relaxation by reptation and consider that they
relax by CLF. Furthermore, because one end is fixed during
the fluctuations of the other one, CLF must be related to the
whole molecule, that is, to arms with M, = 20 kg/mol (and
not 10 kg/mol). This leads to a new, particular case, which
is presented in Figure 10: the molecular segments are
fluctuating in respect to the associated end group, that is,
from x = 0 at the free extremity to x = 1 at the associated
extremity, but a molecule is considered to be fully relaxed
when the middle of the chain (x = 0.5) is disoriented, not the
segment (x =1).

This is due to the fact that CLF acts symmetrically from
the two telechelic ends with same the probability, and thus
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the slower molecular segment is indeed the middle segment.
The predictions obtained by considering that T,sociated = 10°
s and 7= 100 s, are also presented in Figure 9b, in good
agreement with the experimental data. Note however that
the value considered for T ¢sociated 18 Short compared with that
of the other samples. (See Table 2.) This cannot be currently
explained, and more data are needed in the future to investi-
gate this issue.

V. Concluding Remarks

Phosphoro-zwitterionic polyisoprene star melts self-organize
as a result of the dipolar interactions between the arms end
groups, forming clusters whose sizes primarily depend on the
number of dipolar groups per star. The clusters have a transient
character because of the finite lifetime of the telechelic junc-
tions. The respective dynamic response is characterized by the
following features: (i) The segmental dynamics is affected by the
telechelic functionalization, especially for short arm lengths,
because of changing microstructure. (ii) The terminal relaxation
is slower compared with similar nonionic stars and reflects
considerably slower arm relaxation because it is now controlled
by the probability of arm escape from the telechelic junctions
(clusters); following this escape, the stars flow according to their
size. However, additional slow modes are observed in higher-
functionality stars or clusters from semitelechelic linear chain and
attributed to the center-of-mass terminal motion of these objects.
The relaxation of the arms can be described quantitatively with
remarkable accuracy using a tube-based time-marching model,
where the relative lifetime of dipolar associations is taken into
account and in fact treated as the only adjustable parameter.
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