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Abstract    In  this  study,  we  synthesized  a  series  of  ABA-type  vitrimers  by  crosslinking  the  short  A  moieties  of  precursors  with  a  bifunctional

crosslinker and evaporating the small molecular byproduct. The vitrimer samples thus prepared exhibit linear viscoelasticity dependent on the

length of A moiety as well as the content of the crosslinks. When the average number of A monomers per end moiety m=1.1, the crosslinker can

only extend the chain but not crosslink the chain. When m becomes 2.8 or higher, introducing a crosslinker first leads to the gelation, whereas ex-

cess in crosslinker molecules leads opening of the crosslinking sites and accordingly reentry into the sol regime. Surprisingly, a further increase in

the length of the A moieties increases the relaxation time much weaker than the exponential increase seen for the physically crosslinked ABA-

type ionomers. We attribute this difference to the distinct relaxation mechanisms: the relaxation of the vitrimer samples is based on relatively in-

dependent exchange reactions, which contrasts with the ABA-type ionomers that relax through the collective hopping of connected ionic groups

from one ion aggregate to another.

Keywords   Polymer rheology; Linear viscoelasticity; ABA-type vitrimer; Relaxation mechanism; Kinetics and thermodynamics

Citation:  Wu, S. L.; Yang, H. H.; Chen, Q. Linear viscoelasticity of ABA-type vitrimer based on dioxaborolane metathesis. Chinese J. Polym. Sci. 2024, 42,
1495–1504.

 

INTRODUCTION

In  2011,  Leibler  and  coworkers  unveiled  a  specific  type  of  re-
versible  covalent  bond  chemical  reaction  system  based  on
transesterification.  This  system exhibits  a  drop in viscosity near
1012 Pa·s  with  increasing  temperature  much  weaker  than  the
conventional  polymer  materials,  which mirrors  the  behavior  of
inorganic glasses and thus be termed “vitrimer”.[1] Vitrimers ex-
hibit  the  properties  of  traditional  thermosets  at  operational
temperatures due to their covalently crosslinked structure. They
also  offer  superior  creep  and  solvent  resistances[2−4] compared
with physical networks, such as ionomer or hydrogen-bond net-
works.[5−9] In  addition,  the  exchange  reaction  of  a  given  junc-
tion site, either with a functional group or another junction site,
is  triggered  under  certain  conditions,  thereby  enabling  the
topological  reconstruction  and  accordingly  the  stress
relaxation.[10] The benefits of thermoset and thermoplastic pave
the way for applications in shape-memory materials, re-process-
able and self-healing materials, and 3D printing.[11−17]

Over  the  past  few  years,  vitrimers  have  garnered  signifi-

cant interest within the scientific and industrial communities,
prompting the identification of various exchange reactions in
constructing the vitrimer network. These include transesterifi-
cation,[18−21] amine  exchange  of  vinylogous  urethanes,[22−25]

silyl  ether  metathesis,[26] transamination  of
diketoenamines,[27] olefin  metathesis,[28] dioxaborolane
metathesis,[29−32] and so on. Meanwhile, an investigation is al-
so conducted into the impact of exchange reactions on rheol-
ogy and processability. For example, Tibbitt and coworkers[33]

constructed  a  robust  framework  based  on  dynamic  covalent
boronic  ester  to  reveal  dynamics  in  covalent  adaptable  net-
works. Additionally,  they created a physical model to quanti-
fy  the  kinetics  and  thermodynamics  of  network  rearrange-
ments,  paving  the  way  for  understanding  preferred  reaction
pathways  for  dynamic  covalent  bonds.  Hayashi  and  cowork-
ers[34] investigated  the  effects  of  crosslinking  density  on  the
bond  exchange  property  for  trans-esterification-based  vit-
rimers  under  specific  conditions, i.e.,  the  same  free  OH  con-
centration  and  catalyst  concentration.  Meng  and
coworkers[35,36] explored  the  rheological  properties  of  vit-
rimers, emphasizing their behavior across a range of deforma-
tions  from  linear  to  nonlinear  regimes.  The  study  offers  ana-
lytical expressions that can be used in analyzing the linear vis-
coelasticity  and  the  creep  curves.  Recently,  Yu  and
coworkers[25] introduced a  theoretical  model  to  examine the
structure of associative intermediates and the kinetic process
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of  associative  exchange  based  on  vinylogous  urethane  vit-
rimers.  This  model  establishes  the  relationship  between  the
reaction equilibrium constant and the plateau modulus of the
associative exchange dynamic polymer networks.

Our  previous  studies  focused  on  revealing  the  molecular
dynamics of the vitrimer networks by analyzing the linear vis-
coelasticity.[10,37,38] We  found  that  the  reversible  gelation
model[39] can be used in analyzing the linear viscoelasticity of
the  vitrimer  samples  based  on  the  dioxaborolane
metathesis[37] to  determine  a  degree  of  gelation ε that
changes with the contents of the reactants, thereby enabling
us to study thermodynamics. In addition, the stress relaxation
of the networks at a given ε allows the investigation of the re-
action kinetics.

Specifically,  we introduced bifunctional  crosslinkers  to  un-
entangled  polymer  precursors  with  randomly  incorporated
functional groups. The degree of gelation ε first increased up-
on  adding  crosslinker  molecules  to  the  precursor  and  then
decreased when the  crosslinker  molecules  are  excessive  and
open  the  crosslinking  sites.  The  crosslinking  reaction  pro-
ceeded  in  two  steps:  the  first  step  was  the  reaction  of  the
polymer  precursor  with  the  bi-functional  crosslinker,  where
the  crosslinker  replaced  one  of  the  precursor's  functional
groups,  generating  a  small-molecule  byproduct.  The  second
step  was  the  reaction  of  the  suspended  crosslinker  with  an-
other functional group belonging either to the same chain or
another  chain,  creating  a  crosslinking  point  and  another
small-molecule  byproduct.  Analyzing  a  change ε with  the
contents  of  reactants  revealed reaction equilibrium constant
K=1 and K>1 for the first and second steps of the crosslinking
reaction.  This  feature  contrasted  with  the  naive  expectation
of K=1 for both steps because no change in functional groups
occurred in either  step.  Later,  Ran Ni  and coworkers[40] ratio-
nalized  this  feature.  Since  either  the  reactants  or  products
were  composed  of  one  polymer  chain  and  one  small
molecule  in  the  first  step,  the  entropy  remained  nearly  un-
changed,  leading  to K=1.  Nevertheless,  two  polymer  sites
formed a crosslinking point  and a small  molecule in the sec-
ond-step  reaction.  The  generation  of  the  small  molecule  in-
creased  the  entropy,  thus  driving  the  reaction  towards  the
products to give K>1.

This  study  is  an  extension  of  previous  research.  Differing
from  the  previously  investigated  random  crosslinked  vit-
rimers, ABA-type vitrimers are investigated here. Convention-
al telechelic polymers have only one functional group at each
end,  so  this  system  cannot  react  with  bifunctional  crosslink-
ers  to  form  a  network  structure  (because  the  crosslinker  can
only serve as a chain extender). Therefore, we choose to poly-
merize  several  functional  monomers  at  each  of  the  two  end
moieties,  allowing  the  moiety  to  react  with  more  than  one
polymer chain simultaneously to form a network structure. In-
troducing  the  crosslinker  leads  to  the  sol-to-gel  transition,
and later to the gel-to-sol transition when the crosslinker is in
excess. The relaxation mechanism of this ABA-type vitrimer is
different  from  the  conventional  ABA-type  physical  networks
like the ionomer. The difference in relaxation mechanism has
been discussed.

EXPERIMENTAL

Materials
The  monomer  styrene  (St,  99%)  was  purchased  from  Aladdin,

and purified  by  passing through a  column of  basic  alumina  to
remove  inhibitors.  2,2'-Azobis(isobutyronitrile)  (AIBN,  99%)  was
purchased from J&K, and recrystallized from ethanol before use.
K3PO4 (Energy chemical,  95%)  was  dried in  a  muffle  furnace at
350  °C  for  10  h  before  use.  CS2,  C12H25SH  and  1,4-
bis(chloromethyl)benzene were purchased from Energy Chemi-
cal  and  used  as  received.  4-Vinylphenylboronic  acid,  phenyl-
boronic acid, 1,2-propanediol, 1,10-decanedithiol and 3-butene-
1,2-diol were purchased from Aladdin and used as received. The
extra dry N,N-dimethylformamide (DMF) and extra  dry tetrahy-
drofuran (THF) with molecular  sieves were purchased from En-
ergy  Chemical.  Toluene  (analytical  purity,  Beijing  Chemical
Reagents Co.) and Dichloromethane (DCM, analytical purity, Bei-
jing Chemical Reagents Co.) were dried with powdered calcium
hydride (CaH2) and then distilled before use. Methanol, ethanol,
ethyl  acetate,  and n-hexane  were  purchased  from  Beijing
Chemical Reagents Co.

Synthesis of Vitrimer Samples
Four  different  ABA-type telechelic  polystyrene precursors  were
synthesized via reversible  addition-fragmentation  chain  trans-
fer  (RAFT)  polymerization  to  prepare  the  vitrimer  samples.  The
synthesis  routes  of  the  ABA  precursor  samples  and  the
crosslinker are shown in Fig. 1, with the details in the electronic
supplementary information (ESI). The precursor samples are de-
noted as TPS-m, with m being the average number of crosslink-
able  A  monomers  per  end  moiety  and  determined  from Mn

change  between  TPS  and  TPS-m.  Their  important  parameters
are  summarized  in Table  1.  All  TPS-m samples  have Mw much
lower  than Me=1.8×104 g/mol  reported  for  PS,[41] and  thus  the
vitrimer  samples  are  likely  to  be  unentangled.  The  crosslinker,
1,1-bis(((2-phenyl-1,3,2-dioxaborolan-4-yl)methyl)thio)  decane
of M=526 g/mol, was synthesized via click reaction between sul-
phydryl groups and double bonds and denoted as C. The mod-
erately  high M is  chosen  to  suppress  evaporation  during  the
sample  preparation.  The  oligomeric  nature  also  endows  the
crosslinker molecule with a certain flexibility, which would facili-
tate the exchange reaction at its two ends.

TPS-m and C are mixed in anhydrous THF (10 mL) at prede-
termined molar ratios in a flask at 60 °C. After 10 h of reaction,
the  raw  product  was  purified  through  evaporation.  The  final
products were dried under vacuum at 140 °C for more than 48
h.  This  process,  as  described in the literature,[42] appeared to
distill  out  the  small  molecular  byproducts  produced  during
the crosslinking reaction.

In this study, the vitrimer samples are coded as TPS-m/C-n,
where n represents  the  molar  ratio  between C and  TPS-m.
Since  (1)  each TPS  precursor  molecule  has  two ends  and ac-
cordingly an average number of crosslinkable sites of 2m and
(2)  each crosslinker  molecule  has  two functional  groups, n =
m, n < m,  and n > m represent  the  stoichiometric  point,  ex-
cess  in  precursor  and crosslinker,  respectively.  Important  pa-
rameters of the precursors TPS-m and vitrimers TPS-m/C-n as
shown in Table S1 of Supplemental File.

Characterization
1H-NMR and 13C-NMR spectra were recorded with a Brucker AV
400-MHz  spectrometer  using  CDCl3 as  a  solvent  and  tetram-
ethoxysilane  as  an  internal  standard. 1H-NMR  and 13C-NMR
spectra  of  didodecyl-1,2-phenylene-bis(methylene)  bistrithio-
carbonate,  4-vinylphenyl-2,3-dioxaborolanepropyl,  4-phenyl-
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2,3-dioxaborolanebutene,  and  1,1-bis(((2-phenyl-1,3,2-diox-
aborolan-4-yl)  methyl)  thio)  decane  and 1H-NMR  spectrum  of
Macro-RAFT are  shown  in  Figs.  S1−S9  in  ESI.  Gel  permeation
chromatography  (GPC)  measurements  were  conducted  at  am-
bient  temperature  on  Wyatt  Optilab,  which  is  equipped  with
light scattering and refractive index monitors to determine the
weight average molecular weight (Mw) and polydispersity index
(Mw/Mn) of the Macro-RAFT and precursor samples, as shown in
Fig. S10 and Table S1 in ESI.

DSC
Differential  scanning calorimetry (DSC) analysis  was conducted
using  a  DSC  Q20  calorimeter  (TA,  USA).  All  samples  were  sub-
jected to three heating runs in the temperature range of −80 °C

to 150 °C with heating or cooling rates of  10 °C/min.  The glass
transition  temperature  was  determined  from  the  third  heating
run utilizing the commercially available Universal Analysis Soft-
ware.

Rheology
All  linear  viscoelastic  measurements  were  conducted  on  a
strain-controlled rheometer (ARES G2, TA, USA) using 8 mm di-
ameter parallel plates. All samples were loaded at 200 °C or low-
er  temperatures.  The  frequency  sweep  measurements  were
conducted in a range of 20 °C to 200°C within the linear region,
as  confirmed  by  the  strain  amplitude  sweeps,  in  an  environ-
ment of  highly purified N2 to avoid degradation and water ab-
sorption. The frequency sweep measurement was conducted in
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Fig.  1    (a)  Synthesis  routes  of  telechelic  vitrimers  TPS-m/C-n;  (b)  Schematic  illustration  of  the  network  formed  through  crosslinking  the  end
groups.

 

Table 1    Important parameters of the Macro-CTA polystyrene (TPS) and the precursors TPS-m of the vitrimer samples.
 

Samples Mw (kg/mol) Mn (kg/mol) Mw/Mn m a Tg (°C)

TPS 5.1 4.8 1.07 0 72
TPS-1.1 5.6 5.2 1.08 1.1 73
TPS-2.8 6.4 5.8 1.1 2.8 80
TPS-3.5 6.8 6.1 1.12 3.5 81
TPS-6.4 8.7 7.2 1.21 6.4 82

a Actual number of functional group-containing monomers at each chain end determined from Mn
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a frequency range of 102 rad/s to 10−2 rad/s from the highest T
(200 °C or lower) to the lowest T (20 °C or higher) at 10 or 20 °C
each step. To ensure the achievement of a steady state, we con-
ducted the frequency sweep measurement during annealing at
the loading temperature (200 °C or lower). After all dynamic os-
cillatory  frequency  sweep  measurements,  we  set  the  tempera-
ture back to loading temperature to check the reproducibility of
the frequency sweep measurement.

RESULTS AND DISCUSSION

Glass Transition Temperatures
Fig. 2 compares glass transition temperature Tg obtained for the
precursor  and vitrimer samples (a)  TPS-1.1/C-n,  (b)  TPS-2.8/C-n,
(c)  TPS-3.5/C-n, and  (d)  TPS-6.4/C-n.  For  TPS-1.1  (Panel  a),  in-
creasing the content of the crosslinker leads to a significant re-
duction in Tg (indicated by the arrow). This feature is due to its
low m =  1.1,  a  chain  has  only  about  one  functional  group  per

end and can only be extended, but can hardly be crosslinked by
the crosslinker. Even at the lowest n=2, the crosslinker is already
in  excess.  As  a  result,  further  increasing  the  content  of  the
crosslinker only strengthens the plasticizing effect.

For  TPS-2.8/C-n (Panel  b),  TPS-3.5/C-n (Panel  c),  and  TPS-
6.4/C-n (Panel d), a change of Tg with increasing n is different
from that seen in Panel a; the glass transition temperature Tg

first  increases and then decreases with increasing crosslinker
content. This transition is akin to the feature seen for the ran-
dom  vitrimer  in  our  previous  study,[37] which  was  attributed
to a dominance of the crosslinking effect at low n,  leading to
the  slight  increase  of Tg.  In  contrast,  the  plasticizing  effect
dominates  at  high n,  particularly  when  the  crosslinker  be-
comes  excessive,  which  opens  the  crosslinking  sites  thereby
leading to the decrosslinking. One piece of evidence that sup-
ports this argument is that the critical value of n for the transi-
tion  from  increase  to  decrease  of Tg, i.e., n between  1.2  and
2.5 for TPS-2.8/C-n, 2 and 3 for TPS-3.5/C-n, and 3 to 6 for TPS-
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Fig. 2    Comparison of DSC glass transition temperatures (Tg) obtained for (a) TPS-1.1/C-n, (b) TPS-2.8/C-n, (c) TPS-3.5/C-n, and (d) TPS-6.4/C-n.
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6.4/C-n,  increases  with m.  More  details  of  this  transition  are
discussed  later,  together  with  parameters  determined  from
analyzing the linear viscoelasticity (LVE).

Linear Viscoelasticity
Fig. 3 compares the master curves of linear viscoelastic storage
and loss moduli, G'  and G" as functions of angular frequency ω
for  the  precursor  TPS-1.1,  and  TPS-1.1/C-2  and  TPS-1.1/C-4  re-
duced at a reference temperature chosen to be Tr=60°C. To con-
struct  the  pseudo-master  curve,  the G'  and G"  data  are  multi-
plied by an intensity factor of bT=Tr/T, and shifted horizontally to
achieve  the  best  superposition.  Given  that  the  moduli  of  sam-
ples in this  study are mostly in the range of 102−107Pa and re-
flect the entropic stress, G' and G" should be proportional to ρT
in principle, where ρ and T are the sample density and absolute
temperature,  respectively.  However,  as a change in ρ is  usually
much smaller than a change of T itself, the vertical shift factor bT

of samples can be safely approximated as bT = Tr/T.
The  master  curves  of  all  three  samples  exhibit  the  typical

linear  viscoelastic  behavior  of  unentangled chains,  where no
plateau  was  observed  before  the  terminal  relaxation  charac-
terized by G'~ω2 and G"~ω.  This feature is well  predicted be-
cause  each  end  moiety  contains  only  about  one  monomer,
and thus the crosslinker having a functionality of 2 can serve
as a chain extender. Moreover, n is chosen to be 2 or 4 that is
larger than 1.1, the crosslinker is of great excess, and thus on-
ly the plasticizing effect is seen.

Fig.  4 (Fig.  5 shows  the  temperature  dependence  of  shift
factor aT obtained from Fig.  4)  and Fig.  6 compare the linear
viscoelasticity of the representative TPS-2.8/C-n samples shift-
ed  by  different  methods.  The  LVE  results  of  TPS-3.5/C-n and
TPS-6.4/C-n samples are summarized in Figs.  S11 and S12 (in
ESI).  In Fig.  4,  the  pseudo-master  curves  of  storage  and  loss
moduli, G'  and G",  are  multiplied  by bT = Tr/T and  plotted
against  reduced  angular  frequency, ωaT.  The  horizontal  shift
factor aT is  chosen  to  superpose  the  Rouse  regime  of  the
moduli. For n=0 and 6 where no plateau is seen, time-temper-
ature  superposition  holds,  and  thus aT can  be  easily  chosen.
In comparison, for n=0.6−4, the plateau regime is clearly seen
for G', indicating the formation of the vitrimer network. At this
regime, G"  lower  than G'  first  decreases  and  then  increases
with  decreasing ω,  leading  to  a  valley  in  between.  For  this
case, aT is chosen to superpose the high-ω side of the G" val-
ley,  which  corresponds  to  the  relaxation-activated  by  the
thermal motion of the network strands.  After this  shift,  a  no-

table deviation is observed at the low-ω side of the G" valley,
where the modulus is  contributed by the network relaxation
activated by the exchange reaction (as discussed in more de-
tail in Fig. 6). A sol-to-gel transition is observed upon increas-
ing crosslinker n from 0 to 1.2 in this system, whereas a reen-
try to the sol regime is seen upon further increase n from 2.5
to  6,  where  the  excess  crosslinker  molecules  open  the
crosslinking  site, i.e.,  one  crosslinker  molecule  and  one
crosslinking site react to form two separated sites, each com-
posed of one functional monomer attached by one crosslink-
er molecule.

The shift factor aT, obtained from the shift explained above,
is  plotted  against T − Tr in Fig.  5.  The  temperature  depen-
dence  of aT strengthens  slightly  with  increasing n up  to  1.2,
owing mainly to the increase of Tg therein (cf. Fig. 2). Further
increase  of n up  to  6  weakens  the  temperature  dependence
of aT. This change is reminiscent of the Tg change seen earlier
in Fig. 2(b).

To test the influence of a change of Tg on aT,  we choose a
new iso-frictional temperature Tiso = Tg + 34 °C,  and shift  the
logaT vertically to ensure that the plots of  logaiso against T −
Tiso go  through  (0,  0),  as  shown  in Fig.  5(b).  A  good  agree-
ment  is  found  for  the  plots  of  all  TPS-2.8/C-n samples  irre-
spective of  the n value in Fig.  5(b),  demonstrating that  the T
dependence of the moduli obtained at the high-ω side of the
G" valley is indeed governed by a distance of T from Tg. Name-
ly,  the  change  of  temperature  dependence  for  the  Rouse
regime  is  controlled  by  the  crosslinking  effect  that  increases
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Tg and the plasticizing effect that lowers Tg.
In Fig.  6,  we  constructed  the  pseudo-master  curves  of G'

and G"  obtained  at  the  low-ω side  of  the G"  valley,  corre-
sponding  to  the  network  relaxation.  The  raw G'  and G"  data
are multiplied by the intensity factor Tr/T and shifted horizon-
tally  by  a  factor aT'  to  superpose  the  modulus  at  the  low-ω
side  of  the G"  valley,  which leads  to  failure  of  time-tempera-
ture superposition at the high-ω side of the G" valley.  In par-
ticular,  the  upturn  of G"  obtained  at  the  higher T appears  at
the  higher ω after  this  shift,  indicating  that  the  plateau
regime  widens  with  increasing T.  This  feature  was  also  ob-
served for the random vitrimer samples in our previous study,
which reflects the difference in the temperature dependence
of  the  segmental  relaxation  of  the  network  strands  and  that
of the network relaxation activated by the exchange reaction.
Namely,  the  increase  of T accelerates  the  segmental  relax-
ation  more  significantly  than the  exchange reaction,  leading
to the broader plateau regime at the higher T. As a result, the

horizontal  shift  factor aT'  obtained  in Fig.  6 exhibits  weaker
temperature dependence than aT shown earlier in Fig. 5.

The pseudo-master curves of all vitrimer samples shown in
Fig. 6 exhibit typical LVE behavior of gel chains, characterized
by a plateau regime followed by the crossing of G' and G" and
subsequently  by  a  terminal  relaxation  regime  characterized
by G'~ω2 and G"~ω.  The  transition  between  these  two
regimes,  characterized  by  the  characteristic  frequency ωX

where G'  and G"  cross,  shifts  to  a  lower  frequency  with  in-
creasing n from 0.6 to 1.2 (Fig. 6a). Further increase of n from
1.2  to  2.5  does  not  change  the  plateau  but  accelerates  the
network relaxation, as indicated by the shift of ωX to the high-
er  frequency  (Fig.  6b).  The  same  plateau  (for n=1.2  and  2.5)
means that the degree of gelation is the same. Then, the nat-
ural  question  is,  why  do  the  two  networks  having  a  similar
number density of strands exhibit different relaxation rates?

To  answer  this  question,  we  should  remember  that n = m
represents  the  stoichiometric  point.  The  plateau  amplitudes
are the highest and the same for TPS-2.8/C-1.2 and TPS-2.8/C-
2.5, suggesting that the gelation is saturated at n between 1.2
and 2.5,  which is  close to the stoichiometric  point n=2.8.  Us-

 

−4

−3

−2

−1

0

1

2

3

4
b

T − Tiso (°C)

lo
ga

is
o 

−30 −20 −10 0 10 20 30 40 50 60 70

−3

−2

−1

0

1

2

3

4

5

0
0.6
0.9
1.2
2.5
4
6

lo
ga

T 

T − Tr (°C)

a

−80 −70 −60 −50 −40 −30 −20 −10 0 10 20 30 40

TPS-2.8/C-n, Tr=120 °C

0
0.6
0.9
1.2
2.5
4
6

Tiso = Tg + 34 °C
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ing the same criterion, i.e., the saturation of the plateau mod-
ulus  as  an  indication  of  the  highest  degree  of  gelation,  we
noted that the highest degree of gelation is achieved for TPS-
3.5  at n=4  and  for  TPS-6.4  at n=6.  All  these  values  are  quite
close to the stoichiometric point. This feature supports the ar-
gument that the reentry of the sol regime (after saturation of
the  degree  of  gelation)  is  due  to  the  reaction  between  the
crosslinking  sites  and  the  excessive  crosslinkers.  The  differ-
ences  in  terminal  relaxation  times  will  be  further  discussed
below through the variations in apparent activation energy Ea

of different samples.
Fig.  7 compares  the  plots  of aT'  obtained  in Fig.  6 against

1000/T for  all  vitrimer  samples.  Given  that  the  plots  of aT

against T – Tr with  fixed Tr are  quite  different  and highly  de-
pendent on n (Fig. 5a) owing to a change of Tg with n, the dif-
ference in aT'  is much smaller because aT'  is more relevant to
the  kinetics  of  the  exchange  reaction.  This  contrast  is  more
clearly seen in Fig. S13 in ESI, where the plots of aT and aT' are
directly compared. Linear fits of these plots allow us to evalu-
ate  an  apparent  activation  energy Ea for  the  network  relax-
ation. Ea is plotted against n in the inset of Fig. 7. In Fig. 7, the
temperature dependence of aT' is consistent for samples with
n in a range between 0.6 and 2.5, where the plots almost coin-
cide, whereas the temperature dependence weakens consid-
erably upon further increasing n to 4. The former coincidence
means that  a  change of Tg plays  a  less  significant  role  in  the
terminal relaxation if we compare Figs. 5(a) and 7 (direct com-
parison is given in Fig. S13 in ESI). This difference reflects that
the  terminal  relaxation  is  governed  more  by  the  kinetics  of
the  exchange  relaxation  of  the  end  moieties  than  the  seg-
mental  mobility  of  the  central  block.  The  weakening  of  the
temperature dependence and the decrease of Ea seen in the
inset suggests an acceleration of the reaction kinetics by the
excessive  crosslinker  molecules  for n=4,  which  is  in  accor-
dance with the observation in Fig. 6. The decrease of Ea will be
discussed later.

Fig.  8 summarizes  the  glass  transition  temperature Tg,
plateau  modulus GN, and  a  characteristic  time τX =  1/ωX ob-
tained at Tr = 180 °C, where ωX is the cross point of G' and G"
at the low-ω end of the plateau, and the apparent activation energy,  as  functions  of  both m and n.  The vertical  lines  indi-

cate n = m, which can be regarded as an indication of the stoi-
chiometric  point.  The  plots  of  the m =  1.1  samples  are  only
shown in Panel a but not Panels b and c because these sam-
ples  exhibit  neither  the  plateau  nor ωX (cf. Fig.  3).  As  ex-
plained  earlier  in Fig.  2, Tg decreases  continuously  with  in-
creasing n for the m=1.1 samples, owing to the plasticizing ef-
fect  of  the  crosslinker  molecules.  In  comparison,  a  slight  in-
crease of Tg at low n,  followed by a significant decrease of Tg

at low n is seen for the higher m samples.
In Panel b, we see that GN and τX increase with n for the low

n values and decrease with increasing n at sufficiently high n
values.  The transition point is quite close to the stoichiomet-
ric point n = m as indicated in the dashed line, supporting the
argument  that  the  excessive  crosslinker  molecules  open  the
crosslinking sites. For m = 2.8, 3.5, or 6.4, The transition points
of GN and τX appear  to  be  closer  to  the  stoichiometric  point
(indicated  in  a  dashed  line)  than Tg,  whose  transition  occurs
considerably  lower  than  the  stoichiometric  point,  indicating
that GN and τX serve as a better indication of the stoichiomet-
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ric point.
Panel c shows that the activation Ea,  determined by aT'  (cf.

Fig. 7), decreases with increasing n for all samples with varied
m. When the crosslinker becomes excessive, i.e., n > m, the de-
crease of Ea weakens greatly. The decrease of Ea with increas-
ing n probably  reflects  the  influence  of  the  number  of  avail-
able  exchanging sites  on the exchange reaction kinetics:  For
the associative-type vitrimer in this study, the activation ener-
gy Ea is controlled by both the activation energy for chain dif-
fusion and that for the exchange reaction. In other words, the
two  reaction  sites  should  first “associate” via diffusion,  and
the  activation  energy  for  this  process  may  decrease  with  in-
creasing n and  accordingly  the  number  density  of  the  ex-
changing sites. In relation to this argument, we may attribute
the same plateau amplitudes for TPS-2.8/C-1.2 and TPS-2.8/C-
2.5,  but  the  faster  relaxation  of  TPS-2.8/C-2.5  to  its  more  ex-
changing sites (with higher n) given that their degree of gela-
tion are the same (as indicated by the same plateau). In addi-
tion, the change of the type of exchanging sites, from sites at-
tached  to  polymer  to  free  sites  (crosslinkers)  may  also  con-
tribute to the decrease of Ea.

The  amplitude  for  the  saturated GN increases  with m.  This
feature  is  probably  due  to  two  mechanisms.  First,  the  func-
tional  monomers  are  not  uniformly  attached  to  each  chain
end,  and  there  should  be  considerable  distributions  of  the
number of functional monomers per chain end. This distribu-
tion  can  be  evaluated  by  assuming  all  chain  ends  have  the
same reactivity during the synthesis of  the end moieties.  For
an  average  number  of  function  monomers  per  chain  end  of
m, the number fraction of chain ends having x (= 0, 1, 2, 3…)
monomers can be obtained from the Poisson distribution as:

P (x) = e−mmx/x! (1)

The chains that  can be effectively  crosslinked should have
at least two functional chain ends: the chain has no function-
al  end and one functional  end can only serve as solvent and
dangling chains, respectively. Then, the number fraction pre-
cursor chains potentially elastically active becomes [1 − P(0)]2

= 0.4, 0.67, 0.80, and 0.98 for m = 1.1, 2.8, 3.5, and 6.4, respec-
tively.  (The  square  in  the  superscript  is  because  each  chain
contains two ends.)  This difference should be one reason for
the increase of the saturated modulus with m.

Meanwhile,  we  can  estimate  a  characteristic  modulus  by
assuming all chains are elastically active as:

Gc = ρRT/Mn (2)

where ρ=0.97  g/cm3 is  the  density  of  polystyrene  and R is  the
gas constant.[41] Inputting Mn=4.8−7.2 kg/mol of  TPS gives Gc=
105.7−105.9 Pa. The solid line in Fig. 8(b) shows the highest limit
105.9 Pa  based  on  this  evaluation.  In  comparison,  the  samples
based on TPS-6.4 exhibit  a  saturated modulus higher than this
limit. This result suggests that the crosslinker molecules may al-
so somehow bear the stress in the network. The molar mass of
the crosslinker M=526 g/mol is considerably larger than MK=168
g/mol  for  polyethylene,  thus  the crosslinker  at  the crosslinking
sites may also serve as the stress-bearing unit.

The  final  comment  is  on  the  relaxation  time.  Most  of  the
well-established  networks  in  the  study  exhibit  a  relaxation
time in 10 and 100 s. This feature is again in sharp contrast to
the relaxation behavior of ABA-type ionomers in our previous

studies,[43,44] where  the  A  block  contains  a  few  numbers  of
connected ionic groups. We found that the plateau modulus
widens and the terminal relaxation time increased significant-
ly  with  increasing  the  number  of  connected  ions.  For  exam-
ple,  the  width  of  the  plateau  almost  doubled  if  the  average
number of connected ionic groups changed from 1 to 2. Nev-
ertheless, the relaxation time increases much weaker with an
increase  of m from  2.8  to  6.4  in  this  study.  This  feature  indi-
cates an important difference between the relaxation mecha-
nisms  of  the  physical  network  and  the  chemically  adaptive
network.  Relaxation  of  the  ionomer  network  relies  on  the
hopping of ion groups from one aggregate to another.[45] As a
result,  the connected ions should hop together  in  a  coupled
way, and thus the apparent activation energy is proportional
to the number of the connected ions m. As a result, the relax-
ation time of ABA-type ionomers increases exponentially with
m.  However,  the  relaxation  rate  of  the  current  vitrimer  sam-
ples  depends on the kinetics  of  the associative exchange re-
action.  The  reaction  may  occur  through  the  more  indepen-
dent association-dissociation for each crosslinking site.

CONCLUSIONS

≥

In this study, we present a series of ABA-type vitrimers that were
synthesized by crosslinking A moieties of the ABA precursor us-
ing  a  bifunctional  crosslinker.  By  tuning  the  functionality  per
end moiety m and a molar ratio n of the crosslinker and the pre-
cursor,  we  found:  (1)  No  gel  network  is  formed  when m is  1.1,
whereas a gel network is formed when m reaches 2.8 or higher.
(2) For the precursor samples with an average of 2.8 functional
groups at the ends, a sol-to-gel transition followed by a gel-to-
sol  transition  is  seen  upon  increasing n.  The  latter  reentry  into
the sol  regime is  owing to the opening of  the crosslinking site
upon reaction with excessive crosslinker molecules. (3) With an
increase of m 2.8, the saturated plateau modulus GN increases
with m, which is attributed partly to an increase in functionality
of the precursor chains, and partly to the stress contribution of
the oligomeric  crosslinker.  Surprisingly,  the relaxation time ob-
tained  at  the  saturated GN does  not  increase  significantly  with
m. This result is in sharp contrast to those seen for the ABA-type
ionomers in our previous studies, where the relaxation time in-
creases exponentially with the number of connected ions at the
chain  end.  This  difference  indicates  that  the  relaxation  mecha-
nism  of  ABA-type  vitrimer  is  distinct  from  that  of  ABA-type
ionomers.  Dynamic  details  of  the  exchange  reaction  at  the
crosslinking sites have yet to be clarified.
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