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Tuning PBT vitrimer properties by controlling the
dynamics of the adaptable network†

Yanwu Zhou, a Ramon Groote,b Johannes G. P. Goossens, *b Rint P. Sijbesma a

and Johan P. A. Heuts *a

Vitrimers, which form a bridge between thermosets and thermoplastics, are a class of materials with

promising opportunities for modern material innovations. Poly(butylene terephthalate) (PBT) vitrimers that

combine the properties of neat PBT and those of adaptable networks are expected to greatly extend the

potential applications of this industrially important engineering plastic. The current study aims at building

up a tailor-made semi-crystalline vitrimer through understanding the effect of the dynamics and density

of the adaptable network on the physical properties of PBT vitrimers. We show that the rubber plateau

modulus of PBT vitrimers is almost exclusively governed by the cross-linker (glycerol) content, whereas

the ratio of the glycerol to the Zn(II) catalyst content strongly influences both the elastic and stress relax-

ation properties. This enables independent tuning of the tensile storage modulus (E’) and rubber plateau

modulus. The PBT vitrimer exhibits a better creep resistance than neat PBT at service temperature while a

similar crystallinity is maintained.

Introduction

Vitrimers, pioneered by Leibler and co-workers,1–3 are a new
type of covalent adaptable networks based on an associative
exchange mechanism.4–7 These dynamically cross-linked net-
works undergo associative exchange reactions at elevated
temperature permitting a change of the network topology
while keeping the number of bonds and cross-links constant.
The network rearrangement and the concomitant stress relax-
ation rates for vitrimers are determined by the rate of the
chemical exchange reactions.1–3 Although catalyst-free vitri-
mers have been reported,8–16 catalysis offers an efficient way to
control vitrimer properties (e.g., stress relaxation time, weld-
ability and flowability), and a wide range of catalysts, such as
organic bases or inorganic salts, have been reported to control
transesterification reactions.17 Recently, a new type of semi-
crystalline vitrimer was developed by us based on poly(butyl-
ene terephthalate) (PBT) and glycerol and prepared via solid-
state (co-)polymerization (SSP, Scheme 1A).18 The glycerol
content of these vitrimers ranged from 2 to 18 mol%, while
the Zn(II) catalyst was kept fixed at 2 mol% with respect to the

PBT repeat unit. These vitrimers exhibited macroscopic flow
that could be tuned from liquid-like to solid-like by increasing
the glycerol content, while maintaining the ratio of catalyst-to-

Scheme 1 (A) The molecular structure of the compounds used for
synthesizing the PBT/glycerol-based vitrimer. (B) Illustration of the
network undergoing a bond exchange reaction between hydroxyl and
ester group in the presence of Zn(II) catalyst.
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PBT repeat units constant.18 Since the network rearrangement
(Scheme 1B), responsible for flow and stress relaxation, is
mediated by the Zn(II) catalyst, it is expected that the stress
relaxation will be faster when the number of Zn(II) catalytic
centers per cross-link increases. The number of catalytic
centers per cross-link, here denoted by r, is given by eqn (1):

r ¼ Xzn

Xgly
ð1Þ

where XZn and Xgly are the mole fractions of Zn(II) catalyst and
glycerol with respect to the PBT repeat units, respectively.

In the current study we correlate (and control) the stress
relaxation, rubber plateau modulus, thermo-mechanical pro-
perties and creep resistance of these semi-crystalline vitrimers
to Xgly and r.

Experimental section
Materials

Special grade poly(butylene terephthalate) pellets (Mn =
21.2 kg mol−1, Mw = 46.6 kg mol−1 against poly(methyl metha-
crylate) (PMMA) standards in 1,1,1,3,3,3-hexafluoroiso-
propanol) were provided by SABIC (Bergen op Zoom, the
Netherlands) and used as received. Glycerol (≥99.5%), zinc(II)
acetylacetonate hydrate (Zn(acac)2) (powder), potassium nitrate
(BioXtra, ≥99.0%), sodium nitrate (≥99.0%), and sodium
nitrite (≥97.0%) were all obtained from Sigma-Aldrich.
Hydrochloric acid, anhydrous dichloromethane, methanol,
1,1,1,3,3,3-hexafluoroisopropanol (HFiP, 99%) and MilliQ
water (LC-MS grade) were obtained from Biosolve. Deuterated
chloroform (CDCl3, 99.8 atom% D) and deuterated trifluoro-
acetic acid (TFA-d, 99 atom% D) were obtained from

Cambridge Isotope Laboratories. All chemicals were used as
received unless denoted otherwise.

Solution preparation of a physical PBT/glycerol mixture

Physical mixtures of PBT and glycerol were prepared from solu-
tion using a common solvent approach.18 As a representative
example, for the physical mixture containing 14.1 mol% of
glycerol and 2 mol% Zn(acac)2, the dried PBT powder (9.14 g,
41.55 mmol), glycerol (0.64 g, 6.92 mmol) and Zn(acac)2
(0.22 g, 0.83 mmol) as the transesterification catalyst were dis-
solved in 20 mL of HFiP at 55 °C. After complete dissolution of
all compounds, the HFiP was distilled off. As soon as the
material started to precipitate, a vacuum (p = 10−2 mbar) was
applied for complete removal of HFiP. Finally, the obtained
lump residue was dried under vacuum for 24 h at 30 °C,
vitrified in liquid nitrogen, and subsequently ground into
powder using an IKA A11 Basic Analytical mill. This powder
was subsequently dried under vacuum for a period of 24 h at
30 °C. The molecular weight of the polymer in the mixture was
then checked to ascertain that no undesirable reactions, such
as transesterification or degradation, occurred during the
preparation procedure.

Preparation of PBT/glycerol-copolyesters

PBT/glycerol-copolyesters were synthesized by a two-step solid-
state polymerization (SSP) method as described previously.18

Typically, in the first step, 5 g of the PBT/glycerol powder con-
taining a predetermined amount of Zn(acac)2 was placed in a
high-pressure reactor (Fig. 1A) and pressurized with argon
(p < 3 bar) to avoid the evaporation of glycerol. After a pre-
determined amount of time at 160 °C, the mixture was trans-
ferred to the SSP reactor, which was a glass tube (inner dia-
meter = 2.4 cm) with a sintered glass plate at the bottom.

Fig. 1 (A) Molecular weight distributions of sample set I, 2, 0.5, and 0.05 mol% Zn2+ after prepolymerization at 160 °C and 180 °C for 0 mol% Zn2+

(reaction times see text). (B) Molecular weight distributions of sample set II (r ≈ 0.015) after prepolymerization for 48 h (sample C1
0.02 at 180 °C, all

other samples at 160 °C).
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A heat exchange glass coil (inner diameter = 0.5 mm) sur-
rounded the reactor and entered the inner glass tube at the
bottom just below the glass plate. The nitrogen gas was heated
by passing through this coil prior to entering the reactor and
its flow was controlled by a flow meter. The powder bed was
fixed by glass pearls (diameter = 2 mm) placed on top of the
powder, and the reactor was purged with a nitrogen flow of
0.5 L min−1 for 30 min. After flushing, the reactor was placed
in a heated salt bath (T = 180 °C). The reaction time (tssp) was
counted from the time that the temperature inside the reactor
reached 180 °C, and the composition and molecular weight
were followed until the gel point. After reaction, the product
was cooled down to room temperature under a continuous
nitrogen flow, discharged from the reactor, and the obtained
polymer dried under vacuum at 120 °C for 6 h. The prepared
PBT/glycerol-based copolyesters will be abbreviated as Cx

y, x =
mol% of glycerol and y = mol% of Zn(acac)2 with respect to the
number of PBT repeat units, using the compositions as deter-
mined by 1H-NMR spectroscopy.

Characterization

Proton nuclear magnetic resonance spectroscopy. 1H-NMR
spectroscopy was performed on a 400 MHz Bruker Avance III
spectrometer at 25 °C. The spectral width was 6402 Hz, the
delay time was 5 s and the number of scans was 64. Samples
were prepared by dissolving ∼15 mg of the crude polyester in
0.8 mL of an 80 : 20 v/v CDCl3 : d-TFA mixture. Chemical shifts
are reported in ppm relative to the residual solvent peak of
CDCl3 (δ = 77.0 ppm).

Size exclusion chromatography (SEC). Molecular weight dis-
tributions, the number-average molecular weight (Mn) and
polydispersity index (Đ) of the copolyesters were measured on
a system equipped with a Waters 1515 isocratic HPLC pump, a
Waters 2414 refractive index detector (40 °C), a Waters 2707
autosampler, and a PSS PFG guard column followed by a
2PFG-linear-XL (7 μm, 8 × 300 mm) columns in series at 40 °C.
HFIP with potassium trifluoroacetate (3 g L−1) was used as
eluent at a flow rate of 0.8 mL min−1. The molecular weights
were determined and reported relative to PMMA standards
(Polymer Laboratories, Mp = 580 Da up to Mp = 7.1 × 106 Da).

Differential scanning calorimetry (DSC). Thermal properties
were measured using a DSC Q1000 from TA Instruments. The
measurements were carried out from −50 to 250 °C with
heating and cooling rates of 10 °C min−1 under a nitrogen flow
of 50 mL min−1.

Compression molding. The materials were compression
molded at 250 °C and 100 bar for 25 minutes in a Collin Press
300G and subsequently cooled with water.

Dynamic mechanical thermal analysis (DMTA).
Compression-molded samples (ca. 10.0 (Length) × 5.0 (Width) ×
1.0 (Thickness) mm) were measured on a DMA Q800
(TA Instruments) with a film tension setup. A temperature
sweep from −50 to 270 °C was performed with a heating rate
of 3 °C min−1 at a frequency of 1 Hz. A preload force of 0.01 N,
an amplitude of 10 µm and a force track of 125% were used.
The storage modulus and loss modulus were recorded as a

function of temperature. The glass transition temperature was
determined from the peak maximum in the loss modulus.

Rheometry. Dynamic shear measurements were performed
on a stress-controlled AR-G2 Rheometer (TA Instruments) by
using a 25 mm parallel plate geometry and disk-shaped speci-
mens (25 mm diameter; 1 mm thick). Frequency sweeps from
100 to 0.01 rad s−1 were performed at a temperature range
between 240–280 °C with a strain of 1%, which is in the linear
viscoelastic regime. Stress relaxation experiments were per-
formed at a temperature range between 230–270 °C with a
strain of 1% and the relaxation modulus was monitored as a
function of time. A constant normal force of 20 N was applied
to ensure a good contact with the plates.

Results and discussion

Two sets of materials were prepared via a two-step solid-state
(co)polymerization of PBT and glycerol in the presence of Zn(II)
catalyst. The procedure consisted of a prepolymerization step
at 160 °C in a closed vial followed by a polymerization step at
180 °C under a nitrogen flow, as reported in our previous
work.18 In material set I, Xgly was kept constant (∼13.2 mol%)
while varying XZn from 0 to 2 mol%, corresponding to r
ranging from 0 to 0.15 (= 2/13.2). In material set II, XZn and
Xgly were varied simultaneously while the molar ratio between
glycerol and Zn(II) catalyst was kept constant (r ≈ 0.015). Here
we use the following sample notation: Cx

y where x = mol% of
glycerol and y = mol% of Zn(acac)2 with respect to the number
of PBT repeat units.

Synthesis and characterization of the PBT vitrimers

In the current study, the prepolymerization step was per-
formed at 160 °C in a high-pressure reactor (∼80 g scale),
which was pressurized with inert gas to avoid the evaporation
of glycerol. The polymerization conditions were slightly
adjusted to the changing XZn because of its strong influence
on the polymerization kinetics. For instance, to obtain
materials with the same molecular weight after prepolymeriza-
tion step at 160 °C, the following reaction times were required
for set I: 24 h for C13

2 (2 mol% Zn2+), 48 h for C13
0.2 (0.2 mol%

Zn2+) and 96 h for C13
0.05 (0.05 mol% Zn2+). Only sample C13

0

(0 mol% Zn2+, only containing a residual amount of catalyst
used in the PBT production) was prepolymerized at 180 °C for
48 h. After the total incorporation of the glycerol, the mixture
was transferred to an SSP reactor (5–40 g scale), and the reac-
tion was continued at 180 °C with a N2 flow of 0.5 L min−1.
The molecular weights after prepolymerization (see Fig. 1) and
the compositions before “gelation” of the resulting copoly-
esters are summarized in Table 1.

It should be noted here that gelation is defined as the point
where the materials are not fully soluble in HFiP anymore and
that the characterization of gel fraction will always be more
qualitative than in the case of permanently cross-linked
materials because of the dynamic nature of the vitrimer
network.1,2 This was also demonstrated by Williams et al. who

Paper Polymer Chemistry

138 | Polym. Chem., 2019, 10, 136–144 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 1
5 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

19
 7

:3
5:

46
 A

M
. 

View Article Online

http://dx.doi.org/10.1039/c8py01156g


showed that the transesterification reactions in their vitrimer
systems increase the cross-link density and simultaneously
generate pendant chains and a sol fraction.20

Influence of r on the network dynamics

In our previous study18 we reported on the effect of a varying
glycerol content (Xgly) while maintaining the catalyst content
(XZn) constant (hence, a varying r with constant XZn) and
found a clear effect on both the rubber plateau modulus and
the stress relaxation: both increased with an increasing
glycerol content. In the current study the effects of catalyst
(XZn) and glycerol (Xgly) contents were investigated in more
detail.

The melt rheology of PBT/glycerol vitrimers was investi-
gated with frequency sweeps in oscillatory shear experiments
at sufficiently low strain amplitudes (1%) to probe the linear
viscoelastic properties. A 25 mm plate-plate geometry at
various temperatures over an angular frequency (ω) range of
100–0.01 rad s−1 was used. Sample C13

0.2 (XZn ≈ 0.2 mol% and
Xgly ≈ 13 mol%) with r ≈ 0.015 from set I is used as a represen-
tative example to demonstrate the time-temperature dependent
dynamic mechanical properties in Fig. 2.

This sample displays an almost frequency-independent
rubber plateau modulus G′ ≈ 0.46 MPa for ω < 10−1 rad s−1 at
temperatures below 240 °C. Above this temperature, the rubber
plateau does not exist anymore and a drop in modulus of the
material at lower frequencies is observed. The transition point
where the modulus drops shifts to higher frequencies with
increasing temperature. This behaviour is consistent with the
dynamically cross-linked nature of a polyester-based vitrimer,5

in which the changes in temperature primarily affect the trans-
esterification kinetics but do not change the cross-link density.
Thus, the stress relaxation time (τ) is temperature dependent
since it is determined by the exchange rate, while the plateau
modulus is not (or, at least to a much lower extent).

The effect of varying XZn for a constant Xgly on the time-
and temperature-dependent stress relaxation dynamics of the
vitrimers was further studied by stress relaxation experiments.
Before performing these experiments, the compression-
molded materials (for a description of the compression-
molding process see ESI, Fig. S1†) were subjected to an oscil-
latory time sweep at constant temperature until a steady-state
plateau was reached (C13

0.2 was shown as an example in
Fig. S2†) to guarantee complete equilibration of the system
and a constant network density. Similar to what was observed
in our previous work,18 the “virgin” compression-molded
material [C13

2] showed a significant increase in storage
modulus with increasing temperature above the melting tem-

Table 1 Overview of the PBT/glycerol-copolyesters prepared by SSP before gelation

Samplea rb Mn
c (kg mol−1) Mw

c (kg mol−1)

Thermal properties

Tg
d (°C) Tc

e (°C) Tm
e (°C) χc

e (%)

Neat PBT PBT — 21.2 46.6 55 194 222 38
I. Varying r: Xgly constant,
varying XZn

C13
2 0.15 (2/13.0) 3.1 9.3 80 167 201 32

C13
0.2 0.015 (0.2/13.0) 3.8 8.1 66 181 214 34

C13
0.05 0.0038 (0.05/13.0) 3.2 9.6 69 182 215 35

C13
0 0 (0/13.0) 6.5 15.0 62 189 217 35

II. Constant r:
varying Xgly and XZn

C13
0.2 0.015 (0.2/13.0) 3.8 8.1 66 181 214 34

C6
0.1 0.016 (0.1/6.2) 6.8 13.6 64 192 218 35

C3
0.05 0.016 (0.05/3.0) 10.8 21.7 59 193 222 38

C1
0.02 0.016 (0.02/1.2) 17.0 31.9 59 194 222 38

a Sample notation: Cx
y, x = mol% of glycerol and y = mol% of Zn(acac)2 with respect to the number of PBT repeat units. b r = XZn/Xgly, where the

mol fraction of glycerol Xgly was determined by 1H NMR spectroscopy in the samples just before gelation. cNumber- (Mn) and weight-average
(Mw) molecular weights of the PBT/glycerol copolyesters before gelation determined by SEC in HFiP relative to PMMA standards. d The glass tran-
sition temperature (Tg) was determined from the peak maximum of the loss modulus in DMTA. e The melting (Tm) and crystallization (Tc) tem-
peratures were the peak values of the melting endotherms and crystallization exotherms (in DSC), respectively. The degree of crystallinity (χc) was
determined by dividing the melting enthalpy (ΔHmelting) (obtained via DSC measurements) by the melting enthalpy for 100% crystalline PBT
ðΔH°

fuse ¼ 142 J g�1Þ.19 Linear integration errors of melting peak <2%.

Fig. 2 Frequency dependence of the storage modulus G’ of C13
0.2 (r ≈

0.015) at different temperatures. Please note that for clarity reasons,
only the loss modulus at 280 °C is displayed.
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perature. Normalized stress relaxation plots for material set I
at 270 °C are shown in Fig. 3A, and it is immediately clear
from this plot that the stress relaxation is faster at higher cata-
lyst contents. For this set of materials, one dominant relax-
ation time is observed; the data can be fitted with the Maxwell
model using a single characteristic relaxation time, τ.1

Interestingly, C13
0 (the material without added Zn(acac)2)

shows the same characteristic stress relaxation behavior as the
other materials in material set I. This unexpected dynamic be-
havior is most likely caused by the presence of a residual
amount of catalyst, used in the production of PBT. Above the
melting temperature of the PBT vitrimer, the stress relaxation
times display an Arrhenius-type temperature dependence as
shown in Fig. 3B. Linear fitting of the data gives activation
energies in the range of 150–170 kJ mol−1, with only C13

0.05 as
the exception with a slightly higher Ea (200 kJ mol−1). Fitted
activation energies (Ea) and pre-exponential factor (A) for PBT/
glycerol-based vitrimers are summarized in Table S1.†

The results of tests in which the XZn and Xgly were simul-
taneously varied in order to maintain a constant r ≈ 0.015
(material set II) are presented in Fig. 4. The frequency sweep
experiments shown in Fig. 4 illustrate that all the materials
show solid-like network characteristics at 250 °C (above Tm),
with G′ > G″ in the experimental angular frequency range of
102–10−2 rad s−1. The storage modulus at the frequency where
G″ displays a minimum, increases with increasing Xgly and the
data of C1

0.02 show much faster exchange dynamics than the
other materials. No terminal flow regime was observed at
250 °C for any of the studied compositions.

The stress relaxation behavior in material set II at 250 °C is
shown in Fig. 5A. It is clear from this figure that despite the
large variation in cross-linker content (but maintaining the
number of Zn(II) centers per cross-link constant), the relaxation

times are all similar, with the notable exception of C1
0.02. This

latter material, containing only 1 mol% of cross-linker and
0.02 mol% of catalyst, displays a stress relaxation that is much
faster than in the other materials. Additionally, the stress relax-
ation in C1

0.02 cannot be described using a single character-
istic relaxation time, but this needs to be described by at least
two, but probably even a spectrum of relaxation times; because
of the very low cross-link density, it is likely that mechanisms
involving (temporarily) unconnected chains also play a role in
addition to and combination with the ester exchange reac-
tions.21 It is important to note that even in C1

0.02 the relaxation

Fig. 3 Dynamic properties of material set I (constant Xgly, changing r). (A) Normalized stress relaxation curves of at 270 °C (a version with linear axes
is shown in the ESI, Fig. S3†). (B) Arrhenius plot of the stress relaxation times.

Fig. 4 Frequency dependence of the storage modulus G’ (open symbols)
and loss modulus G’’ (filled symbols) of material set II at 250 °C.
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at 250 °C is much slower than in neat PBT (which fully relaxes
its stress within a second, see Fig. S4, ESI†). The Arrhenius
plots of relaxation times are shown for C3

0.05, C6
0.1 and C13

0.2

in Fig. 5B, and in agreement with the results from set I and
our previous work,17p,18 the activation energies, Ea, lie in the
narrow range of 140–170 kJ mol−1 (see also Table S1, ESI†).
The effects of catalyst and cross-linker content can be summar-
ized as follows: the storage modulus (G′) of PBT/glycerol-based
vitrimers in the melt is mainly controlled by the glycerol
content, while above a glycerol content of 1 mol%, the
dynamics of the exchangeable networks are controlled by the
catalyst-to-cross-linker ratio r.

Influence of r on thermomechanical properties

The thermomechanical properties of the PBT vitrimers were
characterized by dynamic mechanical thermal analysis
(DMTA). Materials were annealed at 200 °C under vacuum for
6 h before the tests. In Fig. 6, the results of these analyses are
shown and are similar to what we reported previously for PBT
vitrimers:18 the behavior of the PBT vitrimers is similar to that
of PBT below Tm, but above Tm a rubber plateau is observed,
originating from the dynamically cross-linked network. The
results for material set I are shown in Fig. 6A. The materials
exhibit a single melting transition, with the exception of C13

2,

Fig. 5 Dynamic properties of the material set II. (A) Normalized stress relaxation curves at 250 °C (a version with linear axes is shown in the ESI,
Fig. S3†). (B) Arrhenius plots of the stress relaxation times.

Fig. 6 DMTA curves of material set I (A) and material set II (B). Heating rate = 3 °C min−1 and ω = 1 Hz. The dotted line indicates the temperature
used for creep experiments (see below).
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which shows two melting transitions above Tg. We think that
the melting transition after the glass transition temperature is
caused by a network reorganization that leads to a partitioning
of the initial crystalline part of PBT at 200 °C. As shown in
Table 1, this annealing temperature is close to the peak
melting temperature of C13

2. Therefore, the low melting tran-
sition observed in the DMTA curve is propable due to the
thinner lamellar crystals, while the high melting temperature
transition similar to the other vitrimer samples of material set
I can be ascribed to the thicker lamellar crystals. For material
set I (similar network densities, νc) the moduli in the rubber
region are only weakly dependent on the temperature because
of an entropic temperature factor, and all moduli fall within
the narrow range of 3–5 MPa at 270 °C. However, in material
set II, where XZn and Xgly are simultaneously varied, the rubber
plateau modulus decreases with decreasing Xgly (Fig. 6B).

Let us now consider the tensile storage modulus (E′) of PBT
vitrimers in the temperature region between Tg and Tm. From
Fig. 6A, it is clear that E′ at 180 °C increases with decreasing r
(decreasing XZn while keeping Xgly constant). Since the
modulus of semi-crystalline materials in this temperature
range is controlled by the degree of crystallinity (χc),

22 we com-
pared χc for these materials (Table 1 and Fig. S5, ESI†). In
general, the χc of vitrimers are lower than the χc of neat PBT,
which is consistent with the lower E′ values for the vitrimers.
What cannot be explained by a simple consideration of χc are
the differences in E′ for the various vitrimers in set I, as all
display the same χc. In principle, a lower χc leads to a decrease
in E′ and the cross-linking is expected to lead to an increase.
What is observed in Fig. 6A is that the more catalyst in the
system (while keeping the cross-link density constant), the
lower the E′. Although this suggests that a more dynamic
network decreases the E′ in this temperature region, we do not
think this explanation is conceivable, as above Tm we do not
observe this dependence of E′ on catalyst loading. If the

dynamics were to affect the plateau modulus directly, we
would expect this effect to be more prominent at higher tem-
peratures. We believe that the explanation should be sought in
possible different morphologies of the materials. During com-
pression molding, preceding the DMTA measurements, the
samples have been in a molten state and it is conceivable that
annealing and subsequent recrystallization at 200 °C results in
different morphologies (in terms of lamellar size distribution
and the rigid versus mobile amorphous fraction)23,24 depend-
ing on the dynamics of the network; the overall crystallinities
may therefore be very similar, but the morphologies could be
quite different. This line of reasoning is supported by another
study in which we showed that different morphologies were
obtained for different thermal treatments of the material.25

The DMTA curves for material set II are presented in
Fig. 6B. It is evident that the materials in set II, except for
C13

0.2, have a similar E′ as PBT and a similar χc (Table 1). As
can be seen from Table 1, C13

0.2 has a much lower χc and is
similar to all materials from set I (all the materials contain
approximately 13 mol% glycerol). These results are consistent
with the dependence of E′ on χc and that high glycerol concen-
trations lead to lower χc, which is in good agreement with our
previous work.18

Hence we can conclude that it is possible to control the
stiffness (∼E′) between Tg and Tm by varying χc, through the
cross-linker content (Xgly), and the dynamics of the network,
through r. To summarize this section, we can conclude that we
can produce PBT vitrimers with a tunable stiffness and rubber
plateau.

Influence of r on creep resistance

Creep is one of the most important viscoelastic properties of a
polymer material.26 A potential advantage of PBT vitrimers is
that they may show a better creep resistance at service tempera-
ture (e.g., T < Tm), while maintaining a high rate of the

Fig. 7 Creep-recovery experiments at 125 °C on PBT vitrimers: (A) with different r (set I) and (B) with the same r (set II).

Paper Polymer Chemistry

142 | Polym. Chem., 2019, 10, 136–144 This journal is © The Royal Society of Chemistry 2019

Pu
bl

is
he

d 
on

 1
5 

N
ov

em
be

r 
20

18
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

19
 7

:3
5:

46
 A

M
. 

View Article Online

http://dx.doi.org/10.1039/c8py01156g


exchange reactions at processing temperatures above Tm. In
creep experiments on the PBT vitrimers, a rectangular-shape
material (the same as for the DMTA test) was first heated to
125 °C, kept isothermal for 30 min, and subsequently a 2 MPa
step stress was applied for a period of 60 min. After 60 min,
the stress was removed, and the material was allowed to
recover for another 80 min. The results of these experiments
are shown in Fig. 7.

The final strain reflects the combined elastic and visco-
elastic response (creep deformation) that occurred during
application of the step stress, which was removed after 60 min.
The strain-descending portion of the curve at >60 min rep-
resents the creep recovery provided by polymer chains which
rearranged their conformations via changing the internal
bond lengths and angles as a response to the step stress. The
irrecoverable strain represents the permanent change in the
material caused by the flow of polymer chains. A summary of
the creep properties for the PBT vitrimers in this study is pre-
sented in Table 2.

In general, addition of cross-linker and catalyst reduced the
tensile modulus (E′) at 125 °C (E′ of C1

0.02 is identical to that of
neat PBT). Nevertheless, the vitrimer materials with a catalyst
content at or below 0.1 showed a better creep resistance than
neat PBT at 125 °C, regardless of cross-linker content. They
have lower final creep strain, lower creep rate, and a lower
irrecoverable strain. In these samples, the creep resistance at
elevated temperature has improved despite the presence of
exchangeable cross-links.

Conclusions

The effects of the molar ratio between cross-linker (glycerol)
and catalyst (Zn(II)) on the viscoelastic properties of PBT vitri-
mers have been characterized and it has been demonstrated
that the (thermo)mechanical and rheological properties of PBT

vitrimers can be tuned by controlling the exchange dynamics
and cross-link density. The rubber plateau modulus of PBT
vitrimers depends on/increases with Xgly, indicating that the
cross-link density primarily controls the static elasticity of PBT
vitrimers, while the stress relaxation time is governed by XZn or
XZn/Xgly. For materials with the same thermo-mechanical
history, the modulus below Tg is slightly higher than that of
neat PBT, while the modulus between Tg and Tm is controlled
by r. A higher stiffness can be obtained in two ways: (1) for a
range of materials with constant Xgly by decreasing r; (2) for
materials with constant r by lowering the Xgly and XZn simul-
taneously. The creep experiments demonstrate that the creep
resistance at service temperature (Tg < T < Tm), i.e., both the
creep strain and the steady-state creep rate can be controlled
by the cross-link density and the dynamics of the exchangeable
network. While the PBT vitrimers maintained a similar tem-
perature-dependent crystallinity behavior as neat PBT, up to a
catalyst content of 0.1, they exhibited equal or superior creep
resistance over neat PBT. The ability to tune both the E′ and
dynamics of semi-crystalline vitrimers will ultimately open up
new opportunities to design new types of vitrimers with
specifically desired properties for relevant industrial
application.
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