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ABSTRACT: We report the synthesis, and the thermal, viscoelastic
and dynamic properties of a series of dioxaborolane-based poly(n-
butyl methacrylate) (PBMA) vitrimers, as a function of molar mass
and cross-linking density. By combining calorimetry, dielectric
spectroscopy and rheology, we explored the different characteristic
temperatures that influence the dynamics of vitrimers. Three main
processes could be identified by dielectric spectroscopy, the local
β-process, the segmental α-process and the merged αβ-process at
higher temperatures. Pressure was employed to examine their sensi-
tivity through an apparent activation volume. We found that the
local β-process was only weakly affected by pressure, and that the
rubber-to-glass temperature continuously increased with vitrimer
cross-linking density. Our results revealed that the dynamic bonds in vitrimers contribute to an effective unit of relaxation (e.g. an
effective segment) that is larger than that in the corresponding homopolymer. In addition, the ratio of activation energies at constant
volume and at constant pressure revealed that the segmental dynamics in the vitrimers is controlled by intra-molecular barriers. The
viscoelastic properties are influenced by the topology freezing temperature, TV, separating segmental-controlled dynamics at lower
temperatures from the bond exchange mechanism at higher temperatures initiating the flow. The derivative approach applied to
the viscoelastic shift factors was found to be a practical method to locate TV. In the vitrimers, the bond exchange mechanism had a
high apparent activation energy (E ∼ 90 kJ/mol) similar to that of the segmental dynamics. We present the first high-pressure inves-
tigation of the relaxation dynamics in vitrimers, elucidating the origin of the segmental process and re-defining the fundamental effec-
tive unit of relaxation.

1. INTRODUCTION

Vitrimers are chemically cross-linked polymers that can flow at
elevated temperatures.1,2 They consist of a polymer network
that can change its topology through degenerate exchange reac-
tions without modifying its connectivity.3–5 These dynamic net-
works can be reprocessed, thus exhibiting recyclability1,6,7 as
well as other unique properties, including shape memory8,9

and self-healing ability.10–12 A number of chemistries have been
used to design vitrimers, including dioxaborolane metathe-
sis.3,13,14 In dioxaborolane metathesis, molecules reversibly
exchange fragments linked together by the strong B–O bonds
of the boronic ester groups, without the need for a catalyst.
The chemical compatibility of dioxaborolanes with a large vari-
ety of chemical functions and species, as well as their high
thermal stability, makes them ideal candidates to design vitri-
mers of various natures and topologies.14,15 Dioxaborolane-
based vitrimers can be synthesized by polymerizing functional
monomers, for example, by radical polymerization,3,13,14 or by
chemical modification of commercial polymers, either in solu-
tion13,16 or in bulk by reactive processing.13,17–19

Because of their recyclability, the viscoelastic properties of
vitrimers have attracted considerable attention.20–36 The visco-
elastic properties of amorphous vitrimers are characterized by
two temperatures. One temperature is the usual rubber-to-
glass temperature, Tg, associated with the freezing of the
segmental dynamics. The other temperature is the so-called
topology freezing temperature, TV, which is higher than Tg
(the case TV < Tg is not considered here as this definition
is not physically meaningful). At intermediate temperatures,
Tg < T < TV, the polymer behaves as an elastomer, and only
at T > TV, the exchange reactions speedup and the material
transitions from an elastomer to a viscoelastic liquid. In the
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latter state, the flow is controlled largely—but not only—by the
cross-link exchange kinetics.16 Despite a good knowledge of
the viscoelastic20–36 and thermodynamic37,38 changes around
TV, but the exact location of TV is also debated as it requires
a close inspection of the viscoelastic shift factors.

The current literature deals with the way the segmental
dynamics influence the bond exchange dynamics. Different
models have been proposed to account for their possible rela-
tion. A first model22 naturally considered sequential dynamics,
as proposed earlier for the self-healing process in polymer net-
works with reversible associating stickers.39,40 According to this
model, the time scale of bond exchange is τexch. = ταexp
(E/RT), where τα is the relaxation time of the segmental
process, and E is the apparent activation energy for the
bond-breaking process. Other models28,29 considered that the
mechanism for the bond exchange time scale combines a
diffusion-controlled activated process of cross-linking with an
additional Arrhenius process that describes the bond exchange
kinetics. Overall, the relevant quantity to differentiate between
the different models is the ratio τexch./τα, and its temperature
dependence. In all the above, the definition of a “segment” is
ill-defined. Invariably, theories consider the same segment as
in the respective homopolymers.

Herein, a series of dioxaborolane-based poly(n-butyl methac-
rylate) (PBMA) vitrimers were synthesized. We report the
thermal, viscoelastic, and dynamic properties of the vitrimers
as a function of the molar mass of the functional thermoplastic
precursor and the cross-link density of the network. Our aim is
to address the following questions: What is the origin of the
segmental dynamics in PBMA vitrimers? In particular, what is
the fundamental effective unit of relaxation (the effective seg-
ment) in the vitrimers in comparison to the homopolymer?
How can the topology freezing temperature, i.e., the tempera-
ture where the dynamics change from segmental mode domi-
nated to bond exchange dominated, be located? Lastly, the
apparent activation energy for the bond exchange mechanism
is discussed in relation to the corresponding energy for the seg-
mental process. Addressing some of the questions requires the
use of pressure as an additional thermodynamic parameter in
dielectric spectroscopy. It provides access to parameters such
as the apparent activation volume, the pressure coefficient of
Tg, and the ratio of activation energies at constant volume and
constant pressure. These parameters were employed here, for
the first time, to elucidate the origin of the segmental process
in vitrimers together with the thermodynamic and viscoelastic
properties.

2. EXPERIMENTAL SECTION

2.1. Synthesis

PBMA homopolymers and vitrimer precursors with number-average
molar masses (Mn) ranging from 16 to 63 kg/mol and relatively low
dispersities (Đ ≤ 1.3) were prepared via reversible addition-
fragmentation chain-transfer (RAFT) radical polymerization.41 The
functional monomer, 5,6-dihydroxyhexyl methacrylate (DM), and the
cross-linker, 1,4-bis(4-methyl-1,3,2-dioxaborolan-2-yl)benzene (CL),
were synthesized according to protocols reported in the literature.13

The PBMA homopolymers (H85 and H290) and the diol-
functionalized PBMA copolymers (D85, D306, and D348) were syn-
thesized through a one-pot reaction sequence consisting of RAFT
(co)polymerization, aminolysis and Michael addition (Figure 1).42

The two PBMA homopolymers had Mn values of 16 and 48 kg/mol

(Table S1, Supporting Information ). The functionalized copolymers
D85, D306, and D348, which contained 9.2–12.0 mol % of DM based
on 1H NMR characterization, were converted into dioxaborolane vitri-
mer precursors through the condensation of the diol functional groups
of DM with phenylboronic acid (Figure 1). Well-defined vitrimer pre-
cursors (P85, P306 and P348) withMn values of 22, 53 and 63 kg/mol
were obtained (Table S2, Supporting Information ). Following purifi-
cation by reprecipitation, all precursors contained 9.2–10.4 mol % of
units with pendant dioxaborolane groups, according to 1H NMR spec-
troscopy. P85, P306, and P348 were cross-linked in solution with var-
ious amounts of CL to produce the dioxaborolane-based vitrimers
V85-3%, V306-1%, V348-5%, and V348-9%, after removal of the sol-
vent and mono-dioxaborolane by-product under vacuum at 120 °C
(Figure 1). V85-3%, V306-1%, V348-5%, and V348-9% presented a
cross-linking density of 3, 1, 5 and 9 mol %, respectively (Table 1).
The cross-linking density is defined as the molar ratio of cross-linked
DM repeating units to the total number of repeating units. Details
on the chemical structures, the NMR spectroscopy, SEC, and UV-Vis
spectra are shown in Figures S2–S12, Supporting Information.

2.2. Differential Scanning Calorimetry (DSC)

Temperature-modulated (TM)-DSC measurements were performed
using a Q2000 calorimeter (TA Instruments). A low-frequency sinu-
soidal signal was applied to the standard DSC profile, expressed as
T = T0 + rt + AT sin (ωt), where r is the heating rate, AT is the mod-
ulation amplitude (±1.0 K), and ω is the angular frequency. The
period/rate pairs used were as follows: 20 s/10.0, 40 s/5.0, 60 s/3.3,
100 s/2.0, and 150 s/1.3 K ∙ min–1. The temperature range for the
TM-DSC measurements was 253 to 373 K. TM-DSC traces, along
with their corresponding derivatives, are shown in Figure 2 for the
high-molar-mass samples. Additional TM-DSC traces for the low-
molar-mass samples are shown in Figure S13 and Figure S14. The
traces display the reversing heat capacity as a function of temperature,
which is used to extract the rubber-to-glass temperature (Tg) for the
PBMA homopolymers, vitrimer precursors, and vitrimer samples.

2.3. Thermogravimetric Analysis (TGA)

The sample mass as a function of temperature was investigated with a
Mettler Toledo TGA. Measurements were made in a N2 atmosphere
for a temperature range from 303 to 773 K with a heating rate of
10 K·min–1. The results for vitrimers V85-3%, V306-1%, and V348-
5% are shown in Figure S15. V306-1% was thermally stable below
533 K. V348-5% had a 2.3% mass loss below 533 K, whereas the
lower-molar-mass vitrimer V85-3% exhibited a mass loss of 3.8% below
500 K.

2.4. Rheology

The viscoelastic properties of the samples were measured with an AR-
G2 rheometer (TA Instruments), with a magnetic bearing that allowed
low (nano-torque) control. Measurements at different temperatures
were made with an environmental test chamber and a parallel plate
geometry of 8 mm in diameter. The linear and nonlinear viscoelastic
regimes were identified by recording the strain amplitude dependence
of the complex shear modulus |G*|, at frequency ω = 10 rad ∙ s–1.
Isothermal frequency scans were used to record the storage (G′) and
loss (G″) moduli in the frequency range from 0.1 to 100 rad ∙ s–1

and for several temperatures. The time-temperature superposition
(TTS) principle allows the frequency dependence of the complex
modulus at any temperature to be determined from a master curve
with a reference temperature, Tref, as: |G

*|(ω, T) = bTG
*(aTω, Tref)

where aT and bT are respective frequency-scale and modulus-scale
shift factors. The shift factors, aT can be described by the Williams–
Landel–Ferry (WLF) equation:

log aTð Þ= –cr1 T–Trefð Þ
cr2 + T–Trefð Þ (1)
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where T is the temperature, Tref is the reference temperature used to
construct the master curve. c1

r and c2
r are empirical constants, obtained

at the reference temperature. Once the rubber-to-glass temperature is
determined, the corresponding parameters for the glassy region, c1

g

and c2
g can be calculated as follows:

cg1 =
cr1c

r
2

cr2 + Tg–Tref
� � ; cg2 = cr2 +Tg–Tref (2)

2.5. Dielectric Spectroscopy (DS)

DS measurements were performed with a Novocontrol BDS system
with a frequency response analyzer (Novocontrol Alpha) for frequen-
cies f in the range from 10–2 to 3 × 106 Hz. The isobaric measurements
were carried out at ambient pressure (0.1 MPa) over a temperature
range from 393 to 203 K, in 5 K increments. Samples were stabilized
at each temperature (within 0.05 K) for at least 20 min to achieve ther-
mal equilibrium. DS measurements were made in the parallel plate
electrode geometry. For the homopolymers and vitrimer precursors,

Table 1. List of Poly(n-butyl methacrylate) (PBMA) Vitrimer Samples with their Number-Average Molar Masses, Đ, Pendant
Group and Cross-linking in mol %

sample
DPn;theo:

of precursora
Mn,theo. (kg/mol)
of precursora

Mn (kg/mol)
of precursorb Đ of precursorb

% dioxaborolane
of precursorc % cross-linking

V85-3% 85 13 22 1.2 9.2 3
V306-1% 306 48 53 1.2 10.2 1
V348-5% 348 55 63 1.2 10.4 5
V348-9% 348 55 63 1.2 10.4 9

aCalculated from RAFT equation for DPn and for M̅n, theo.
bDetermined by size exclusion chromatography. cDetermined by 1H NMR spectroscopy.

Figure 1. Synthesis of PBMA homopolymers and copolymers, vitrimer precursors, and dioxaborolane-based vitrimers. The average degree of poly-
merization (DPn) and the composition of the (co)polymers were determined by 1H NMR spectroscopy, as described in the Supporting Information.
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we used electrodes of diameter 20 mm with a constant spacing main-
tained by poly(tetrafluoroethylene) (Teflon) spacers of thickness
50 μm. For vitrimers, the diameter of the electrode was 10 mm, and
the thickness was around 150 μm. Measurements under hydrostatic
pressure were carried out in a Novocontrol pressure cell. The pressure
setup consisted of a T-controlled cell and hydraulic closing press with
an air pump for hydrostatic test pressure. For the P-dependent mea-
surements, the samples were placed between 20 mm electrodes, and
Teflon spacers were used to maintain the thickness (typically 50 μm)
for the homopolymers and vitrimer precursors. Subsequently, the
capacitor was wrapped with Teflon tape and placed inside a Teflon ring
in order to prevent the flow of silicone oil (Dow Corning 550 Fluid)
into the sample. Silicone oil is the liquid that uniformly transmits pres-
sure to the capacitor. The isothermal measurements were performed
with temperature stability better than 0.2 K and pressure stability better
than 2 MPa. Both in isothermal and isobaric measurements, the com-
plex dielectric function, ε*(ω, T, P) = ε′(ω, T, P) – iε″(ω, T, P), where
ε′ is the real and ε″ is the imaginary part, was obtained as a function of
frequency, (f = ω/2π), temperature, T, and pressure, P.43,44 At a given
temperature and pressure, the complex dielectric function and the
respective dielectric loss curves can be fitted by the empirical equation
of Havriliak and Negami (HN):43,44

ε* ω;Τ; Pð Þ= ε + ∑
k

Δεk Τ; Pð Þ
1+ i·ω·τHN;k Τ; Pð Þ� �mk
� �nk + σ0 Τ; Pð Þ

iε0ω
(3)

where Δεk is the dielectric strength, τHN, k is the HN characteristic
relaxation time and the index k indicates the process under investiga-
tion. At lower frequencies, the dielectric loss sharply rises due to con-
ductivity contributions as σ0/ε0ω, where σ0 is the dc-conductivity
and ε0 (= 8.854 × 10–12 F ∙ m–1) is the permittivity of free space.
The parameters mk and nk (0 < mk, mknk ≤ 1) are two shape parame-
ters of the H–N function that describe the symmetric and asymmetric
broadening of the distribution of relaxation times, respectively. The
characteristic relaxation times at maximum loss (τmax = 1/2πfmax,
where fmax is the characteristic peak frequency of the dielectric loss)
are presented herein and have been analytically obtained from the

Havriliak–Negami equation as follows:

τmax;k = τHN;k sin
πmknk

2 1+ nkð Þ
� �

=sin
πmk

2 1+ nkð Þ
� �� 	1=mk

(4)

In the analysis of the dynamic behavior, we have used the ε″ values
at every temperature. Moreover, we employed the principle of the
time–temperature superposition (tTs) in isobaric dielectric measure-
ments, which allows the frequency dependence of the complex ε*(ω)
at any temperature to be determined from a measurement at a refer-
ence temperature from the “master curve.” The shift factors, αΤ, were
fitted according to the WLF equation.

3. RESULTS AND DISCUSSION

We first discuss the thermodynamics and the effect of vitrimer
units on the rubber-to-glass temperature, Tg. We then present
the results for the segmental dynamics as a function of temper-
ature and pressure. Lastly, we discuss the viscoelastic properties.
In particular, we are interested in locating the characteristic
temperature TV, and in investigating the relationship between
the bond exchange mechanism and the segmental dynamics.

3.1. Thermodynamics

The TM-DSC traces allow extracting Tg from the peak position
of the derivative of the reversing heat capacity (cp), (see black
arrows in Figure 2). To ensure efficient deconvolution of the
modulated signal, the number of cycles was set to five, with a
Tg breadth (ΔTg) of about 20 K.
The values of Tg obtained from TM-DSC measurements for

the PBMA homopolymers, vitrimer precursors, and vitrimer
samples of different molar masses and cross-link densities are
plotted in Figure 3, and in Figures S13 and S14. The values of
Tg for different modulation periods are provided in Table S3.
As expected, the higher molar mass homopolymer exhibits a
higher Tg. Furthermore, Tg follows the expected trend: Tg

H <
Tg

P < Tg
V, where superscripts H, P and V refer respectively

to homopolymer, vitrimer precursor and vitrimer. The increase
in Tg

V is very pronounced for the high molar mass vitrimer

Figure 2. Temperature dependence of reversing heat capacity for the
high-molar-mass PBMA homopolymer H290 (top left) and vitrimer
V306-1% (bottom left), obtained from TM-DSC at different periods
of modulation, Π = 100 s, 60 s, 40 s, and 20 s, as indicated, alongside
with their derivative with respect to T (right). The arrows depict the
Tg values also listed in Table S3.

Figure 3. Liquid-to-glass temperatures for PBMA homopolymers and
vitrimer precursors with different molar masses and the rubber-to-glass
temperatures of the corresponding vitrimers with different cross-
linking densities. Data were obtained from TM-DSC (modulation
period of 40 s). The vertical lines indicate the FWHM of the d(cp)/
dT peaks.
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V348-9% (∼ 20 K). This trend shows that the introduction of
cross-links restricts backbone mobility and thus increases Tg.

3.2. Segmental and Local Dynamics Measured by
Dielectric Spectroscopy

3.2.1. Role of Temperature. Insight into the temperature
dependence of the molecular dynamics at the segmental and
local levels can be obtained through dielectric spectroscopy
measurements. Representative dielectric loss curves for the vitri-
mer V348-5% are presented in Figure 4 (top). In contrast to
rheology (see below), DS time-temperature superposition
breaks down in the vicinity of Tg. This is due to the presence
of two dielectrically active processes with distinctly different
temperature dependencies (α- and β-processes) that merge into
a single αβ-process at higher temperatures.45,46 The extracted
characteristic frequencies at maximum loss, fmax, for the differ-
ent processes are depicted in Figure 4 (bottom) for the vitrimer
V306-1%. Starting from lower temperatures, the fast γ-process,
associated with a local relaxation of the polar side group, is
observed with an activation energy of 28 ± 2 kJ/mol. At higher
temperatures two distinct processes exist: the α-process, which
is associated with the segmental motion, and the β-process,
which is often attributed to localized molecular motions in
amorphous polymers. By increasing temperature, the two pro-
cesses merge into a single αβ-process. This behavior is consis-
tently observed across all PBMA samples, as shown in
Figure S16.

On the one hand, the characteristic frequencies at maximum
loss for the αβ- and α-processes follow the Vogel-Fulcher-
Tammann (VFT) temperature dependence:

fmax = f∞e
– B
T–T0 (5)

Here, f∞, is the limiting frequency at very high temperatures
(typically ∼ 1013 Hz consistent with lattice vibrations), B is the
activation parameter, and T0 is the “ideal” glass temperature
located below the conventional Tg. On the other hand, the char-
acteristic frequencies at maximum loss for the β- and γ-
processes follow an Arrhenius law:

fmax = f∞e
– Ε
RT (6)

with E the Arrhenius activation energy. Values of the fitting
parameters for the VFT and Arrhenius laws , respectively, with
standard errors from the fitting procedure are provided in
Table 2 and Table S4, respectively. A summary of the VFT
dependencies for the segmental process in the high-molar-
mass PBMA samples, including all vitrimers, is depicted sepa-
rately in Figure 5. We found a slower segmental process, and
concomitantly, an increasing Tg with increasing cross-linking
density. The corresponding plots for the merged αβ-process
and the more local β-process are shown in Figure S17. In gen-
eral, the dynamics associated with the αβ-process show similar
trends as the one associated with the α-process; increasing
cross-linking density slows down the dynamics. As for the
β-process, an Arrhenius temperature dependence of the charac-
teristic frequencies is evident only at lower temperatures (acti-
vation energies reported in Table S4 were extracted from
this range). At higher temperatures, there are noticeable devia-
tions from the Arrhenius temperature dependence for the
β-process. Nevertheless, the effect of vitrimer formation on
the β-process is minor, in sharp contrast to the αβ-process
and more importantly to the α-process. In addition to the vitri-
mer effect on the dynamics, there is an appreciable effect on the
broadening of the dielectric loss curves at all temperatures. This
can be quantified by the values of the low-frequency shape
parameter, mk, that is a strong function of vitrimer content
and temperature (Figures S18 and S19). It suggests that
increasing cross-linking density creates a distribution of relaxa-
tion times reflecting the distribution of local environments.

Figure 4. (Top) Representative dielectric loss curves for the PBMA
vitrimer V348-5%. The three curves correspond to 278 K (green line),
328 K (blue spheres) and 368 K (red line). For the dielectric loss curve
at 328 K the deconvolution into the α- (in light blue) and β- (in light
red) processes is shown. (Bottom) Characteristic frequencies at maxi-
mum loss plotted as a function of inverse temperature for the vitrimer
V306-1%. The purple squares indicate the αβ-process, the blue squares
the α-process, the orange circles the β-process, and the red triangles the
faster γ-process. The open squares with crosses depict the α-process
from TM-DSC for the different modulation periods. The horizontal
dashed line is the frequency used to extract the rubber-to-glass temper-
ature (corresponding to τ = 100 s). Additionally, a slower process is
identified in DS at the crossings of ε′, and ε″, corresponding to the
motion of ions.

Table 2. VFT Parameters for the Merged αβ-Process and the
α-Process (Segmental) Obtained by DS for High- and Low-
Molar-Mass PBMA

sample

αβ-processa α-processa

B (K) T0 (K) B (K) T0 (K)

homopolymer H290 3790 ± 40 177 ± 2 2990 ± 60 214 ± 2
precursor P306 3850 ± 30 173 ± 2 3070 ± 50 209 ± 2
vitrimer V306-1% 3730 ± 30 181 ± 1 3100 ± 50 212 ± 2
vitrimer V348-5% 3700 ± 30 186 ± 1 3050 ± 60 220 ± 2
vitrimer V348-9% 4002 ± 60 174 ± 3 2763 ± 70 235 ± 2
homopolymer H85 3840 ± 20 172 ± 1 3890 ± 140 183 ± 5
precursor P85 3850 ± 15 170 ± 1 3290 ± 60 200 ± 2
vitrimer V85-3% 3720 ± 40 181 ± 2 3100 ± 50 212 ± 12

aLog( f∞/Hz) is kept constant at 13.2 throughout the fitting procedure
(to typical vibrational frequencies).
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Another parameter characterizing the segmental process
is the fragility or steepness index, m, defined as ∂ log
τ/∂(Tg/T)|T = Tg

.47 It quantifies the deviation of the tempera-
ture dependence of the relaxation times/frequencies from
the Arrhenius behavior at T ≥ Tg. It can be calculated using
the VFT parameters as m*= BTg

2:303 Tg–Toð Þ2 . A higher (lower)

value of fragility corresponds to a steeper (smoother) increase
in the characteristic frequencies near Tg, indicating a more “frag-
ile” (“strong”) glass-forming system. The temperature depen-
dence of the characteristic frequencies for the segmental
process is shown in Figure 6 in a Tg-scaled plot together with
the corresponding values of fragility. By comparing the lower
and higher molar mass homopolymers we note an increasing
steepness index with molar mass. This observation aligns
with experimental results from various homopolymers48 and
with theoretical predictions.49,50 In addition, an increase in fra-
gility is observed (Figure 6) for the low-molar-mass vitrimer.

This is typically associated with changes in chain stiffness. For
the high-molar-mass samples, the vitrimers exhibit an increase
in fragility with increasing cross-link density.
A key observation of the combined TM-DSC and DS results

is the shift of the segmental process to lower frequencies and an
increasing Tg, from homopolymer, to precursor, to vitrimer
samples (Figure 5), indicating that the dynamic cross-links
impose constraints on backbone mobility. Unexpectedly, the
segmental relaxation time (α-process) of the vitrimer precursor
was somewhat shorter with respect to the homopolymer. This
could reflect the plasticizing role of the pendant dioxaborolane
functionality. Compared with TM-DSC, the Tg values from
DS are about 10 K lower, and they are within ± 2 K of the rhe-
ology measurements (see below, Figure 14). In addition, the
temperature at which the α- and β-processes merge has the
same dependence with the Tg, increasing with the cross-
linking density of vitrimers (Figure 14). This is understandable
as vitrimers slow down the segmental process but have a minor
effect on the β-process. Apart from the increasing Tg, increasing
cross-linking density increases the fragility especially for the
low-molar-mass samples. This can be accounted for by the con-
straints of the α-process imposed by cross-links.
3.2.2. Role of Pressure. Quantitative insight into the

molecular origin of the α-process can be obtained by
pressure-dependent dielectric measurements.44,45 Pressure is
particularly important because it allows the separation of pro-
cesses that are merged under ambient conditions. This reflects
the different pressure sensitivity of the α- and β-processes.
Furthermore, the apparent activation volume is a quantity
closely linked to the molecular volume responsible for the
process. Lastly, pressure-dependent studies offer valuable
information on the molecular origin of the rubber-to-glass
transition.
Here, we investigate the pressure sensitivity of the various

relaxation processes and of the rubber-to-glass temperature
Tg. To the best of our knowledge, this is the first time that
the pressure dependence of the α- and β-processes is investi-
gated in vitrimers. By applying pressure, the single αβ-process
splits into the α-process and the β-process, implying that the
former exhibits higher pressure sensitivity. This is indicated
in Figure 7a for the high molecular weight vitrimer with
5% cross-links. At ambient pressure the dielectric loss curve cor-
responds to the merged αβ-process. We mention here that the
merged αβ-process is a distinct process with characteristics
closer to the α- than to the β-process.45 Increasing pressure
brings about the separation into two processes under isothermal
conditions. The pressure dependence of the characteristic relax-
ation frequencies for the α-process (Figure 7b) follows the pres-
sure equivalent of the VFT equation,51

fmax = f∞exp –
DPP
P0–P

� �
(7)

Here, f∞ is the characteristic frequency at atmospheric pres-
sure at a given temperature, DP is a dimensionless parameter,
and P0 is the pressure corresponding to the “ideal” glass. The
DP value was held fixed to 11.6, a numerical value obtained by
free fitting the data set with highest fidelity (T = 333 K) for
the α-process. Expectedly, the more local β-process exhibits a
weaker pressure dependence (Figure 7b).

Figure 5. Characteristic frequencies at maximum loss of the α-process
versus inverse temperature for the high-molar mass PBMA samples.
The full-colored lines are best fits according to the VFT equation
(eq 5). The horizontal dashed line indicates the frequency correspond-
ing to τ = 100 s (τ = 1/2πfmax), which is used to obtain the liquid-to-
glass temperature for the thermoplastic polymers and the rubber-to-
glass temperature for the vitrimers.

Figure 6. (left) Characteristic frequencies for the a-process as a func-
tion of Tg/T for the low-molar-mass homopolymer (H85), vitrimer
precursor (P85), and vitrimer (V85-3%). (right) Calculated fragility
for all samples (H: homopolymer, P: precursor, V: vitrimer). The black
dashed lines are to guide the eye.
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The pressure sensitivity of the processes can be quantified by
the apparent activation volume, ΔV #, defined as,44,45,52–55

ΔV = 2:303RT
∂logτ
∂P

� �
T

(8)

The T-dependence of ΔV # at ambient pressure is depicted in
Figure 8a. The apparent activation volume for the α-process
exhibits a strong T-dependence approaching the molar volume
of the repeat unit (ΔVr.u.

#∼ 140 cm3·mol–1) at about 15 K
above Tg. This finding is consistent with earlier studies that
associated the apparent activation volume with the molecular
volume responsible for the motion at temperatures near
Tg.

52–55 On the other hand, the β-process has a lower apparent

activation volume (ΔV#∼25 cm3/mol) that is independent of
temperature.55 The numerical value of ΔV# is a small fraction
of the molar volume of the repeat unit (∼ 18%), suggesting
the local origin of the β-process. We also observe that the appar-
ent activation volume of the homopolymer is similar to that of
the precursor, while the vitrimer shows stronger pressure sensi-
tivity. The data demonstrate that the fundamental effective unit
of relaxation responsible for the α-process in the case of vitri-
mers is significantly larger than that of homopolymer and vitri-
mer precursor. At the highest measurement temperature
(353 K) with the least influence of Tg, the ΔV # of the vitrimer
is about 20% higher than in the precursor polymer. Hence,
dynamic covalent bonds effectively increase the size of the seg-
ment and slow down the α-process.
Additional information on the α-process can be obtained

from the pressure coefficient of Tg, d(Tg)/dP. The value of Tg
is obtained by extrapolating the VFT equation from the isother-
mal and isobaric plots (Figure 9). The extracted values of Tg
exhibit qualitatively similar pressure dependence, which can be
described by the following empirical equation56

Tg Pð Þ=Tg 0ð Þ 1+
ν
μ
P

� �1=ν

(9)

where Tg(0) is the rubber-to-glass temperature at ambient pres-
sure, and ν and μ are polymer specific parameters. The values
are summarized in Table 3. For the homopolymer H290, the
pressure coefficient d(Tg)/dP |Tg∼ 238 ± 7 K/GPa) which
should be compared with the corresponding values for
PMMA (240 K/GPa) and PEMA (234 K/GPa).45 The pressure
coefficient in the limit of ambient pressure increases from the
homopolymer to the vitrimer precursor, and to the vitrimer.
This again is consistent with the higher pressure sensitivity of
the segmental process in the vitrimers.
Apart from the separation of molecular processes under iso-

thermal conditions, pressure can provide additional information
on the origin of the dynamic processes. For the liquid-to-glass
transformation, theoretical predictions44,57,58 consider two

Figure 7. (a) Dielectric loss curves for the vitrimer V348-5% measured at a fixed temperature (343 K) and under different pressures as indicated,
showing the effect of pressure on separating the α- and β-processes. (b) Characteristic frequencies at maximum loss plotted as a function of pressure,
for the α-process (open squares) and the β-process (open circles). Different colors indicate different temperatures as indicated. Continuous lines are
best fits with eq 7 and dotted lines are linear fits. The horizontal dashed line indicates the frequency corresponding to τ = 100 s (τ = 1/2πfmax), used
to obtain the rubber-to-glass temperatures.

Figure 8. (left) Apparent activation volume (ΔV #) as a function of
temperature for the α-process (open symbols) and the β-process (filled
symbols), for the high-molar-mass homopolymer H290, vitrimer pre-
cursor P306, and vitrimer V348-5%. The dashed lines indicate the
molar volume of the repeat unit, Vru, for the homopolymer and the
precursor. The colored solid lines are guides for the eye. (right)
Derivative of dielectric permittivity for the homopolymer H290, vitri-
mer precursor P306, and vitrimer V348-5%, at T = 353 Κ and P =
240 MPa, demonstrating the difference in the pressure sensitivity of
the α-process for the three polymers.
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extreme cases: (a) free-volume theories, and (b) thermally
activated processes on a constant-density “energy landscape.”
Since changing temperature affects both the thermal energy
and the volume, V, it is impossible to separate the two effects
by varying temperature alone. In order to disentangle the effects
of T and V on the dynamics, pressure-dependent measurements
are of paramount importance, since pressure can be applied iso-
thermally (affecting only V). It has been proposed many years
ago57,58 that the ratio, ℜ, of the apparent activation energy at
constant volume, QV = R(∂[lnτ]/∂(1/T))V, to that at constant
pressure, QP = R(∂[lnτ]/∂(1/T))P, provides a quantitative
measure of the relative contributions of T and V on the segmen-
tal dynamics. Values of ℜ theoretically span the range 0 to 1.
Values near unity suggest that the segmental dynamics are gov-
erned mainly by thermal energy (i.e., by intra-molecular energy
barriers), whereas values near zero suggest the importance of
intermolecular interactions through the available or “free”
volume (in this case QV = 0). Earlier studies55 explored the cor-
relation between the repeat unit volume and the dynamic quan-
tity ℜ. It was shown that repeat unit volume and local packing
play a key role in controlling the value of this ratio and thus the
dynamic arrest at the liquid-to-glass temperature.

The ratio R=QV=QP is also the ratio of the constant-
volume activation energy (ΔE#) to the enthalpy of activation
(ΔH#), R=QV=QP =ΔΕ=ΔH. Experimentally, it can be
obtained by "coupling" the characteristic frequencies at maxi-
mum loss obtained under isothermal and isobaric conditions
with the density through the equation of state. For the latter

we employ the Tait equation,59V(T, P) = V(T,0)[1 –
0.0894 ln (1 + P/B(T))], where the temperature dependence
of volume at fixed pressure is described by a quadratic function,
V(T,0) = V0 + V1T + V2T

2, and B(T) = b0 exp (–b1T). We
have assumed the same parameters for the equation of state
for the vitrimer as for the homopolymer. This procedure
expresses the characteristic frequencies of the segmental process
as a function of density (Figure 10a). The data can be fitted by
the density-modified VFT equation,44,52–55

fmax = f0exp –
Dρρ
ρ0–ρ

� �
(10)

where Dρ (isothermal, DρΤ, and isobaric, DρP) is a dimension-
less parameter and ρ0 is the density at the ideal glass tempera-
ture (T0). Then the ratio, QV/QP, for the vitrimer V348-5%
can be obtained directly at the crossings of the “isotherms”
and “isobars” (Figure 10a). The P- and T-dependence of the
ratio QV/QP is depicted in Figure 10b. For all investigated
(T, P) conditions QV/QP is in the range ∼0.75–0.85.
Comparable values, close to 1, are measured for homopolymers,
precursors and vitrimers (see additional data in Figure S20).
These results indicate in particular that temperature and the
associated intramolecular barriers are the main controlling
parameters of the segmental dynamics in vitrimers.

3.3. Viscoelastic Properties

Here we report the linear viscoelastic properties of PBMA vitri-
mers, in comparison to the corresponding homopolymers and
vitrimer precursors. Frequency sweep experiments were con-
ducted over a range of temperatures, and the resulting data
can be discussed either directly from the van Gurp-Palmen
(vGP) plots or by attempting to construct master curves via
time-temperature superposition (TTS). We first discuss the vis-
coelastic properties based on the vGP plots.60 This approach
bypasses the need for data shifting or time-temperature super-
position, providing a more straightforward assessment of the

Figure 10. (a) Characteristic frequencies at maximum loss vs density
for data obtained under isothermal (dashed lines) and isobaric (solid
lines) conditions for the vitrimer V348-5%. The solid lines and dashed
lines are the result of the fits to the modified VFT equation for the
α-process. (b) Ratio QV/QP = ΔΕ#/ΔH#, of the constant-volume
activation energy (ΔE#) to the enthalpy of activation (ΔH#) for
the α-process plotted against density. Arrows indicate increasing tem-
perature and pressure.

Figure 9. Pressure dependence of Tg for the homopolymer H290,
vitrimer precursor P306, and vitrimer, V348-5%, as obtained at a char-
acteristic time τ = 100 s. The solid lines represent fits to the empirical
equation (eq 9). Open and filled symbols are Tg values obtained from
the “isothermal” and “isobaric” data, respectively.

Table 3. Parameters of the Empirical Equation for the
Pressure Dependence of Tg

polymer μ (MPa) ν Tg(0) (K)
a

d(Tg)/dP|Tg
(K/GPa)

homopolymer, H290 1235 ± 85 7 ± 1 295 238 ± 7
precursor, P306 1179 ± 64 5 ± 1 293 247 ± 5
vitrimer, V348-5% 1193 ± 69 7 ± 1 303 253 ± 3

aValue held fixed to the P = 0.1 MPa value.
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material’s inherent response. Figure 11 depicts the vGP results
for the high- (left) and low-molar-mass (right) samples.
Starting from the terminal regime (δ = 90°, low |G*|) and mov-
ing across the modulus scale, δ decreases and reaches a mini-
mum at δmin, corresponding to the plateau modulus (GN

0).
Generally, the more entangled the polymer, the deeper the min-
imum is. As |G*| increases, δ increases and reaches a maximum
before decreasing towards the “glass transition” (typically |G*|
≈ 109Pa). For the homopolymer and precursor polymer, the
plateau is not well-defined, resulting in a shallow minimum.
For vitrimers, by contrast, the minimum in δ is very steep,
and a systematic increase of the modulus at δmin is observed
with increasing cross-linker density. The numerical values for
δmin and GN

0 values are given in Table 4 for all samples inves-
tigated. In addition, Table 4 provides some structural character-
istics for both the high- and low-molar-mass samples, including
the molar mass between cross-links, Mxx, and the respective
number of repeat units Nxx. Note that the latter values are sig-
nificantly smaller than the entanglement molar mass of PBMA
(corresponding Ne∼125).

For the high-molar-mass vitrimer V306-1%, there is a shoul-
der (Figure 11, dashed-dot line) near δmin. Its value is in the
proximity of the homopolymer (H290) and the precursor
(P306) plateau values. The shoulder is also observed for the
low-molar-mass sample. Overall, the shoulder in the V306-1%
and V85-3% vitrimers may suggest an inhomogeneous distribu-
tion of cross-links.

The second approach to analyze the viscoelastic data uses
master curves for the storage (G′) and loss (G″) moduli. The
procedure is as follows. First, we choose a reference tempera-
ture within the segmental-dominated dynamics (Tref =
353 K) and then shift the data first horizontally in the loss
tangent and subsequently vertically, in order to reach the best
overlap of the data measured at different temperatures. The
resulting master curves obtained for high- and low-molar-mass
PBMA are shown, respectively, in Figures 12 and 13. These
curves exhibit deviations from perfect time-temperature super-
position (TTS), especially in the temperature region corre-
sponding to the plateau, demonstrating thermorheological
complexity.24,32,36 A linear viscoelastic study36 of poly(n-butyl
acrylate) (PBA) vitrimers attributed the failure of TTS to two
features: (i) the different temperature dependencies of the seg-
mental dynamics and of the exchange dynamics of the cross-
links, and (ii) the complex dynamics of the cross-linking points
that are loosely connected to the network.
The linear viscoelastic response of the vitrimers exhibits a dif-

ferent response compared to the homopolymer and precursor
samples. Vitrimers show a terminal region (flow) at high tem-
peratures, an elastic plateau regime corresponding to the
network-like behavior, an intermediate region and a transition
into the glassy state (e.g., the segmental process). Some key
relaxation frequencies are shown, which are associated with
the terminal relaxation, the onset of entanglements, and the
liquid-to-rubber transition (denoted by crossed circles). To

Figure 11. The van Gurp–Palmen (vGP) plot for (left) the high-molar-mass homopolymer H290, vitrimer precursor P306, and vitrimers with 1%
(V306-1%), 5% (V348-5%), and 9% (V348-9%) cross-links, and (right) the low-molar-mass homopolymer H85, vitrimer precursor P85, and vitri-
mer with 3% cross-links (V85-3%). The rubbery plateau modulus can be identified (vertical dashed lines).

Table 4. Parameters Extracted from the vGP Plots (Figure 11) at Varying Cross-link Densities and Molar Masses

sample Mn.theo.(kg ∙ mol
–1)a DPn,theo δmin (

°) GN
0 (×105Pa) C (%)b CNf

c Mxx,theo(kg/mol)
d Nxx

e

H290 41 290 32 1.8
P306 48 306 34 1.6
V306-1% 48 306 2.27 1.1 1 3.1 11.7 75
V348-5% 55 348 0.12 3.2 5 17.4 3.0 19
V348-9% 55 348 0.7 8.3 9 31.3 1.7 11
H85 12 85 53 3.9
P85 13 85 52 3.3
V85-3% 13 85 0.46 1.1 3 2.6 3.63.6 23

aCalculated from RAFT equation (see Supporting Information section). bCross-links per total number of repeat units in mol %. cAverage number of
crosslinks per chain. dTheoretical molar mass between crosslinks (Mxx,theo = Mn,theo/(CNf+1)).

eTheoretical number of repeat units between cross-
links.
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determine the rubber-to-glass temperature, the characteristic
frequencies corresponding to the segmental process were fitted
with the Vogel-Fulcher-Tammann (VFT) equation and extrap-
olated to a corresponding time of τ = 100 s. A comparison with
the corresponding Tg obtained from TM-DSC is shown in
Figure 14. The numerical values for Tg obtained from rheology
are comparable to those obtained by dielectric spectroscopy
(differences between retardation and relaxation measured,
respectively, by DS and rheology are small), but approximately

10 K lower than those from TM-DSC, which is expected given
the selected modulation period (Π = 40 s).
The temperature dependence of the horizontal shift factors

used in the master curves of the vitrimer samples is of particular
interest (the temperature dependence of the vertical shift fac-
tors, bT, follows that of density, Figure S21). They can be used
to extract the characteristic temperature, TV, separating the
segmental-dominated dynamics at lower temperatures from
the bond exchange dynamics initiating flow at higher tempera-
tures. Clearly, this definition of TV is different from the original
viscosity-based definition of the topology freezing temperature.1

Here, TV, defines the crossover temperature between WLF and
Arrhenius shift-factor behavior. Indeed, at lower temperatures
the shift factors follow the WLF equation and above, TV, the
temperature dependence follows the Arrhenius relation:

aT = a0T ∙ e
E*
RT (11)

Here, E* is the activation energy associated with the dynamic
bonds of the network. The horizontal shift factors for the
vitrimer V348-5% are presented in Figure 15a. At lower
temperatures, the WLF equation describes the shift factors
well as can be deduced by the value of the χ2 parameter
(χ2 < 1.5 × 10–3). However, at higher temperatures, the WLF
equation fails to describe the data (χ2 ∼ 3 × 10–3).
This approach can provide an approximate value for TV as it
requires specific stringent criteria in the value of the χ2 param-
eter. A more sensitive approach to locate changes in the tem-
perature dependence of the shift factors is by plotting

–d logaΤð Þ=d 1
T

� �� �–1=2
vs 1/T.61 In this representation, an

Arrhenius temperature dependence appears as a horizontal line,
allowing an easier determination of TV (as shown in
Figure 15b). We re-emphasize here that this definition of TV,
is different from the original one given by Leibler.1 In the latter,

Figure 13. Master curves of the storage (G′-filled symbols) and loss
(G″-open symbols) moduli of the low molar mass PBMA homopoly-
mer (H85) (yellow; temperature range 303–363 K), precursor (P85;
303–363 K) (cyan), vitrimer V85-3% (magenta; 303–533 K). All mas-
ter curves refer to the same reference temperature (Tref = 353 K).
Lines with respective slopes of 2 and 1 are used to indicate the terminal
(flow) behavior. Crossed circles are used to indicate characteristic fre-
quencies (see text). Curves are vertically shifted for clarity with the
shown factors.

Figure 14. Rubber-to-glass temperatures Tg for the high- and low-
molar-mass samples, obtained by DS (orange squares), rheology (blue
squares), and TM-DSC (red squares). Additionally, TV (green trian-
gles) is identified as the temperature where the T-dependence of the
viscoelastic shift factors changes from WLF to Arrhenius (see text).
The temperature at which the α- and β-processes in DS merge to form
the αβ-process is also indicated (purple circles).

Figure 12. Master curves of the storage (G′-filled symbols) and loss
(G″-open symbols) moduli of PBMA homopolymer (H290; tempera-
ture range 303–393 K) (blue), precursor (P306; range 303–393 K)
(orange), vitrimers V306-1% (red; range 303–503 K), V348-5% (pur-
ple; range 313–513 K), and V348-9% (green; range 313–513 K) for
the high-molar-mass polymer. All master curves refer to the same ref-
erence temperature (Tref = 353 K). Lines with respective slopes of
2 and 1 are used to indicate the terminal flow. Crossed circles are used
to indicate characteristic frequencies (see text). Curves are vertically
shifted for clarity with the shown factors.
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the transition temperature was conventionally defined as the
temperature where the viscosity of the melt corresponds to
1012 Pa·s.

To extract the activation energy of the bond exchange
dynamics we employ solely the high temperature data. From
the Arrhenius temperature dependence of the shift factors
(Figure S22) we extract the following activation energies:
93 ± 5, 94 ± 2, 80 ± 2 kJ/mol, for vitrimers V306-1%,
V348-5%, and V348-9%, respectively. These activation energies
are typically, 5–6 times higher than the reported activation
energy (∼15.9 kJ/mol) for the metathesis reaction kinetics as
measured for small molecules in their bulk state. We mention
here that high activation energies have been previously reported
for vitrimers based on dioxaborolane bond exchange in the
high-Tg polymers poly(methyl methacrylate)13 and poly(ethyl
methacrylate).35 In addition, much lower values were reported
for polybutadiene vitrimers having a lower Tg and minimal or
no entanglements.16,27 These activation energies can be com-
pared with the respective energies for the segmental process
as recently suggested.29,31,35 The comparison of the characteris-
tic frequencies corresponding to the terminal, fterm (i.e., the
bond exchange) and segmental processes, fα, is made in
Figure S23, where the ratio fterm

fa
is plotted as a function of inverse

temperature. The two processes appear to have similar activa-
tion energies when examined over the same temperature range.
We need to mention, however, that this conclusion is based on
a long extrapolation of the segmental process from lower tem-
peratures (by about 100 K but with a fixed f∞ value of 1013 Hz).

Another issue is related to the thermal stability of the
polymer matrix (homopolymers and vitrimer precursors,
Figure S15). TGA indicated an expected lower thermal stability
for the lower molar mass polymers attributed to the higher con-
centration of chain-ends. This is the reason why we do not
report apparent activation energies for the low-molar-mass vitri-
mer (V85-3%). To test the thermal stability of the remaining
vitrimers we performed kinetic studies in rheology by making

consecutive frequency sweeps over a period of 8 h at a temper-
ature of 473 K. A slow evolution of the storage and loss moduli
was found in the V348-5% (Figure S24) as compared to the sta-
ble homopolymer (H290) and vitrimer precursor (P306) sam-
ples (Figure S25). For V348-5% at a frequency of 10 rad/s, the
loss modulus increased by a factor of two whereas the storage
modulus changed by 4%. However, this slow process does not
affect the activation energies extracted from the crossing of
the storage and loss moduli at higher temperatures.
The different characteristic temperatures for the vitrimers

(Tg < Τmer
αβ < TV; Τmer

αβ is the characteristic temperature cor-
responding to the merging of the α- and β-processes in
Figure 4), can be discussed with the help of Figure 14. Cross-
linking affects both local segmental dynamics (Tg) and the
global dynamics associated with the network formation.
Figure 14 depicts a similar dependence (increase) of Tg and
of the characteristic merging temperature (Τmer

αβ). This is pri-
marily due to the stiffening of the backbone by the dynamic
cross-links and the insensitivity of the β-process to the dynamic
cross-links. In addition, rheology provided the characteristic
topology freezing temperature, TV, associated with the change
in the temperature dependence of the shift factors. For the cur-
rent PBMA vitrimers the following relation appears:
TV
Tg∼1:4–1:5.

4. CONCLUSIONS

A series of dioxaborolane-based poly(n-butyl methacrylate)
(PBMA) vitrimers were synthesized, and their thermal, visco-
elastic and dynamic properties were investigated as a function
of the molar mass of the vitrimer precursor and cross-linking
density of the network. By means of thermodynamic (DSC,
TM-DSC) and dynamic (rheology, TM-DSC, DS) measure-
ments we showed that the dynamic bonds stiffen the polymer
backbone, slow down the segmental process and increase Tg.
Furthermore, we found that vitrimers do not influence the local
processes below Tg.
The viscoelastic properties were discussed in the light of the

topology freezing temperature, TV, separating segmental-
controlled dynamics at lower temperatures from the bond
exchange mechanism at higher temperatures initiating flow.
The derivative approach applied to the viscoelastic shift factors
was found to be a practical method to locate TV. With respect to
the flow properties, an activation energy of ∼ 90 kJ/mol was
found for the zero-shear viscosity of the melt, similar to the seg-
mental dynamics within the same temperature range, but much
larger than the activation energy of dioxaborolane metathesis
(16 kJ/mol) reported13 for small molecules in bulk.
The first pressure investigation on vitrimers examined the

pressure sensitivity of the segmental dynamics through the
apparent activation volume, ΔV#. It was shown that the seg-
ment in the vitrimers is modified and that dynamic bonds con-
tribute to an effective unit of relaxation (e.g., an effective
segment) ∼20% larger than in the homopolymer. Our results
demonstrate that the segment should be redefined in theories
of vitrimer dynamics to include the dynamic bonds. A close
examination of the dynamic ratio of the activation energies at
constant volume and at constant pressure revealed that the seg-
mental dynamics in the vitrimers is controlled by intramolecular
barriers. Studies in vitrimers with a variety of chemistries and
different rubber-to-glass temperatures will further elucidate the

Figure 15. (a) Horizontal shift factors, aT, used in the master curve of
Figure 12 plotted against T for the vitrimer V348-5%. Fits to Arrhenius
and WLF dependences are indicated by the red and green lines, respec-
tively. The "transition" from WLF (green solid line) to Arrhenius
(red dashed line) behavior is identified by analyzing the values of χ2
parameter (inset). (b) Derivative analysis of the shift factors with
respect to inverse temperature. The vertical black dotted line is used
to determine TV.
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origin of the segmental process and the associated fundamental
unit of relaxation.
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