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The rheological properties of vitrimer materials are largely controlled by the kinetics of covalent bond
exchange and therefore a mechanistic understanding of bond exchange can provide insights into how
the performance of vitrimers can be improved. In this work, density functional theory (DFT) calculations
are combined with experimental measurements in order to understand the nature of the exchange reac-
tion between boronic esters. Quantum chemical calculations show that both a metathesis and a nucleo-
phile-mediated pathway are possible, although a significant increase in the rate of exchange in the pres-
ence of a nucleophile is observed. The DFT studies are supported by kinetic measurements of the
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exchange of small molecule dioxaborinanes in the presence and absence of nucleophile. Finally, the
accelerating effect of nucleophiles is demonstrated in vitrimeric materials synthesized using a dioxabori-
nane-based crosslinker and a hydroxyl functional monomer as internal catalyst to produce vitrimers with
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1 Introduction

Polymeric materials are ubiquitous in daily life, but there is
growing concern over their end-of-life disposal." This is a pat-
ticular issue for thermoset materials, which are characterized
by a permanently cross-linked network of polymer chains that,
once synthesized, cannot be remolded.> A possible solution to
this issue is the insertion of dynamic covalent bonds into the
network. This potentially allows the material to flow in
response to a specific stimulus, thus facilitating reprocessing
and recycling.> These types of dynamic polymers are known
as covalent adaptable networks (or CANs) and can be divided
into two main categories: dissociative CANs and associative
CANs.® The difference between these two is based on their
exchange mechanism: in the former, a new bond is formed
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significantly reduced relaxation times.

only after another one is broken, while in associative CANs
bond formation and bond cleavage occur simultaneously.”

Over the past decade, research into associative CANs in par-
ticular has grown rapidly following the discovery of a new family
of dynamic polymers, termed vitrimers.* ! These materials are
unique in that they are covalently crosslinked, yet can be ther-
mally reprocessed through a liquid-like state without a reduction
in their network density. The rheological properties of these
materials at elevated temperatures are largely determined by the
kinetics of bond exchange.””™® As a result, the rheological
response, which is critical when considering potential appli-
cations, can be controlled through the chemistry involved in the
network. In this context, the ability to predict and modify the be-
havior of vitrimeric materials on-demand requires a mechanistic
understanding of the dynamic exchange process.

Although there are multiple different exchange reactions
that have been shown to lead to CANs,'”~>! boronic esters have
received a significant amount of attention due to their high
thermal stability, good tolerance to oxygen, easily tunable
dynamic nature in the absence of a catalyst and compatibility
with many functional groups.>* Furthermore, the preparation
of boronic esters from boronic acid and diols is straight-
forward: the process is itself an equilibrium, and the forward
reaction is fast and particularly favorable when the boronic
ester product is insoluble in the reaction solvent.>® There are
three principle dynamic exchange mechanisms characteristic
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of these compounds that can be used in CANs: (A) hydrolysis
and reesterification, (B) transesterification with a diol and (C)
metathesis with another boronic ester (see Fig. 1).

Exploiting the first two reaction mechanisms, boron-con-
taining polymers have been widely used in pH-responsive
materials that could be used in smart drug delivery, self-
healing or shape memory hydrogels.>*>° More recently, meta-
thesis-like reactions of boronic esters have been also used for
the preparation of different dynamic networks, ranging from
robust, self-healable elastomers to vitrimers.>™**

With regards to the metathesis reaction and its use in vitri-
meric systems, the mechanistic process is not well described
and there are relatively few reports in the literature. Rottger
et al.** reported the synthesis of a vitrimer material where the
dynamic exchange was proposed to occur through the meta-
thesis of dioxaborolanes (5-membered ring boronic esters)
without the addition of any catalyst at temperatures as low as
60 °C. The authors hypothesized that the mechanism of the
reaction could occur through a direct process or through suc-
cessive transesterification of dioxaborolanes with undetectable
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Fig. 1 Three possible exchange mechanisms of boronic esters: (a)
hydrolysis/re-esterification, (b) transesterification and (c) metathesis.
Black lines represent polymer chains of the crosslinked network.
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traces of diols. Winne et al,* in their review on dynamic
covalent chemistry, suggested that the metathesis reaction is
likely a multistep process, initiated by the formation of a
zwitterionic adduct. However, the existence of a true meta-
thesis reaction has yet to be confirmed.

More recently, Brunet et al.*® reported the dynamic exchange
in styrenic based polymers containing pinacol boronate ester
groups. Through experimental analyses and DFT calculations,
they concluded that the most probable mechanism involved a
nucleophilic ring opening step to accelerate the exchange process
and that metathesis was unlikely. In support of the ring-opening
mechanism, Yang et al®” have shown that the presence of free
alcohol groups increases the rate of exchange of six-membered
phenyl boronic esters. The two potential mechanisms for
exchange are summarized in Scheme 1.

Although different mechanistic processes for the exchange
reaction between boronic esters have been proposed, a full
mechanistic study is still missing. Because of this uncertainty
and since the correct understanding of the mechanism of
exchange is fundamental to tune the kinetics of dynamic
bonds, in this work we combine quantum chemical calcu-
lations and experimental model studies to elucidate the
mechanism of metathesis of boronates, with and without a
nucleophilic mediator. Due to the enhanced stability in the
presence of water we focus on exchange of dioxaborinanes
(6-membered ring boronic esters). First, a comprehensive com-
putational study is reported to outline the potential mechanis-
tic pathways in the exchange of boronic esters. We sub-
sequently describe a comparative kinetic study of the two path-
ways and discuss the potential influence of hydrolysis on the
reaction. Finally, we demonstrate the use of this knowledge to
accelerate stress relaxation in materials containing dioxabori-
nanes through the use of nucleophile-containing comonomer.

2 Experimental section
Materials

4-Methyl phenyl boronic acid, phenyl boronic acid, 4-vinyl
phenyl boronic acid, 2,2-dimethyl-1,3-propanediol and 1,3-pro-

a) Nucleophile-catalyzed metathesis
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Scheme 1 Illustration of the main steps of the two metathesis mechanisms of dioxaboranines: (a) nucleophile-mediated metathesis and (b) direct
metathesis.
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panediol were purchased from TCI and used without further
purification. Butyl acrylate, 2-hydroxyethyl methacrylate, tri-
ethylamine, methacroyl chloride, trimethylol propane, sodium
sulfate and the solvents dry THF and CH,Cl,, were purchased
from Sigma Aldrich and used without further purification.
Deuterated solvents were purchased from Sigma Aldrich and
were dried over molecular sieves.

Synthesis of 2-(4-methylphenyl)-1,3,2-dioxaborinane (B1).
The synthesis of dioxaborinanes used as model compounds
was achieved following a general procedure based on pre-
viously published work (Scheme 2).>% As a representative pro-
cedure, in the synthesis of B1, 4-methyl phenyl boronic acid
(1.65 g, 12 mmol), 1,3-propanediol (0.78 mL, 11 mmol) and
sodium sulfate were added in 30 mL of dry THF to a 100 mL
round bottomed flask under nitrogen atmosphere. The reac-
tion was stirred overnight at room temperature and the for-
mation of the boronic ester was checked with thin layer chrom-
atography (TLC). Sodium sulfate was then filtered off using a
porous funnel, with Celite and sodium sulfate and the solvent
was removed in vacuo. Hexane was then added and the solu-
tion was filtered with the same conditions (Celite and sodium
sulfate) and the solvent was removed in vacuo yielding the
desired product without the need of further purification. The
product was obtained as a yellowish liquid. Yield: 90%, 1.85 g.
"H NMR (300 MHz, chloroform-d) § 7.75-7.63 (m, 2H), 7.18
(dp, J = 7.1, 0.8 Hz, 2H), 4.23-4.13 (m, 4H), 2.38 (s, 3H),
2.14-2.00 (m, 2H). Spectroscopic data is in agreement with pre-
viously reported literature.*®

Synthesis of 5,5-dimethyl-2-phenyl-1,3,2-dioxaborinane (B2).
The synthesis of B2 was achieved using the general protocol
reported for B1 using phenyl boronic acid (3 g, 24 mmol) and
2,2-dimethyl-1,3-propanediol (2.39 g, 23 mmol) (Scheme 3).
The product was obtained as a white solid. Yield: 95%, 4.25 g.
"H NMR (300 MHz, chloroform-d) § 7.89-7.32 (m, 5H), 3.80 (s,
4H), 1.05 (s, 6H). Spectroscopic data is in agreement with pre-
viously reported literature.””

Synthesis of 2-phenyl-1,3,2-dioxaborinane (B3). The syn-
thesis of B3 was achieved using the general protocol reported

THF dry
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Scheme 2 Synthesis of 2-(4-methylphenyl)-1,3,2-dioxaborinane (B1).
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Scheme 3 Synthesis of
(B2).

5,5-dimethyl-2-phenyl-1,3,2-dioxaborinane
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Scheme 4 Synthesis of 2-phenyl-1,3,2-dioxaborinane (B3).

for B1 using phenyl boronic acid (3 g, 24 mmol) and 1,3-propa-
nediol (2.39 g, 23 mmol) (Scheme 4). The product was
obtained as a yellowish liquid. Yield: 81.5%, 2.65 g. "H NMR
(300 MHz, chloroform-d) § 7.88-7.74 (m, 2H), 7.53-7.33 (m,
3H), 4.27-4.11 (m, 4H), 2.17-1.96 (m, 2H). Spectroscopic data
is in agreement with previously reported literature.*®

Synthesis of 5,5-dimethyl-2-(4-methylphenyl)-1,3,2-dioxabor-
inane (B4). The synthesis of B4 was achieved using the general
protocol reported for B1 using 4-methyl phenyl boronic acid
(1 g, 7.3 mmol) and 2,2-dimethyl-1,3-propanediol (0.76 mL,
7.3 mmol) (Scheme 5). The product was obtained as a white
solid. Yield: 95%, 1.42 g. "H NMR (300 MHz, chloroform-d) &
7.76-7.67 (m, 2H), 7.20 (dtd, J = 7.8, 1.4, 0.7 Hz, 2H), 3.79 (s,
4H), 2.39 (s, 3H), 1.05 (s, 6H). Spectroscopic data is in agree-
ment with previously reported literature.*”

Synthesis of (5-ethyl-2-(4-vinylphenyl)-1,3,2-dioxaborinan-5-
yl)methanol (B5). The synthesis of B5 was based on procedures
published by Yang et al.*” (Scheme 6). Vinyl phenyl boronic
acid (1 g, 6.75 mmol), trimethylol propane (0.99 g, 7.40 mmol)
and sodium sulfate were added in 30 mL of dry toluene in a
100 mL round bottom flask under nitrogen atmosphere. The
reaction was stirred overnight at reflux and the formation of
the boronic ester was checked with thin layer chromatography
(TLC). The reaction solution was filtered and evaporated to
remove toluene under reduced pressure, affording a yellow

THF dry
rt
* HO/><\OH
B N

HO” ~""OH Drying agent o "0

Scheme 5 Synthesis of 5,5-dimethyl-2-(4-methylphenyl)-1,3,2-dioxa-

borinane (B4).
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Scheme 6 Synthesis of (5-ethyl-2-(4-vinylphenyl)-1,3,2-dioxaborinan-
5-yl)methanol (B5).
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powder. Yield: 91%, 1.51 g. "H NMR (300 MHz, chloroform-d)
5 7.87-7.68 (m, 1H), 7.50-7.35 (m, 1H), 6.75 (dd, J = 17.6, 10.9
Hz, 1H), 5.82 (dd, J = 17.6, 1.0 Hz, 1H), 5.30 (dd, J = 10.9, 1.0
Hz, 1H), 1.48 (q, / = 7.6 Hz, 2H), 0.95 (t, J = 7.6 Hz, 2H). *C
NMR (75 MHz, DMSO-d6) § 139.17, 136.65, 133.85, 128.88,
128.19, 125.33, 115.06, 66.31, 22.59, 7.17.

Synthesis of (5-ethyl-2-(4-vinylphenyl)-1,3,2-dioxaborinan-5-
yl)methyl methacrylate (B6). Boronic ester B6 (1.67 g,
6.78 mmol) was dissolved in anhydrous DCM (20 mL), fol-
lowed by addition of 1.14 mL of TEA (8.13 mmol). After
cooling to 0 °C in a water/ice bath, 0.79 mL (8.13 mmol) of
methacryloyl chloride in 10 mL dry DCM was added dropwise
within 30 minutes (Scheme 7). Then, the reaction mixture was
warmed to room temperature, stirred overnight, and filtered.
The filtrate was concentrated on a rotary evaporator and
diluted by ethyl acetate, and washed with brine three times.
After drying over MgSO,, the organic solution was concen-
trated and purified by silica flash column chromatography
using hexane and ethyl acetate (v/v = 85/15) as the eluent. B6
was obtained as yellow oil. Yield: 91%, 1.27 g. 'H NMR
(300 MHz, chloroform-d) & 7.83-7.67 (m, 1H), 7.41 (d, J = 8.0
Hz, 1H), 6.75 (dd, J = 17.5, 10.8 Hz, 1H), 6.13 (t, J = 1.3 Hz,
0H), 5.82 (dd, J = 17.6, 0.9 Hz, 0H), 5.61 (p, J = 1.6 Hz, 0H),
5.30 (dd, J = 10.8, 0.9 Hz, 0H), 4.19 (s, 1H), 4.12-4.03 (m, 1H),
3.98-3.91 (m, 1H), 1.97 (d, J = 1.3 Hz, 1H), 1.56-1.46 (m, 1H),
0.93 (dt, J = 10.7, 7.6 Hz, 2H). "*C NMR (75 MHz, DMSO-d6) §
166.28, 138.91, 136.69, 133.87, 126.15, 125.33, 65.94, 63.26,
37.52,23.16,17.90, 7.11.

Metathesis kinetics of model compounds. All the com-
pounds used in the model reactions were dried in a vacuum
oven overnight prior to use and were handled under ambient
conditions. The metathesis kinetics experiments between
equal molar amounts of B1 and B2 were performed in CDCl;
at 60 °C with a total concentration of 0.5 M (i.e. [B1] + [B2] =
0.5 M) (Scheme 8). Different solutions with the addition of 5,
10, 20, 50 mol% of MeOH and 50 mol% of H,O based on the

= X

CH,Cl, dry

TEA
N
cl
o080 )H‘/ N2 0%

0°Ctort

Scheme 7 Synthesis of (5-ethyl-2-(4-vinylphenyl)-1,3,2-dioxaborinan-
5-yl)methyl methacrylate (B6).

60°C

©\ 0. i — o)
? + ? 4 hours ? * T
0. (o}

B2 B1 B4 B3

Scheme 8 Exchange reaction between B2 and B1.
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concentration of boronic ester as nucleophiles were prepared,
and the kinetics of metathesis were evaluated. In the case of
reaction with added water, the solubility limit of water in
CDCl; is exceeded and these reactions are therefore carried
out under saturated conditions. At determined intervals, a
small amount of the reaction mixture was taken out to
perform 'H NMR. The characteristic signals of the methylene
—-OCH,- at 3.80 ppm for B2 and 3.82 ppm for B4 were inte-
grated to determine the relative amount of the four com-
ponents in the reaction mixture. The NMR spectra are shown
in Fig. S9-S17.F

Preparation of crosslinked networks. A series of crosslinked
networks were prepared starting from B6 by photo-
polymerization using butyl acrylate and Darocure 1175 (1 wt%)
as the photoinitiator (Scheme 9). In all networks 3 mol% of B6
with respect to butyl acrylate was used as crosslinker. Different
molar percentages of 2-hydroxyethyl methacrylate (HEMA,
20%-50%) with respect to the crosslinker moles were added to
evaluate the effects of the presence of free hydroxyl groups on
exchange kinetics. The solutions were poured into silicone
molds and UV-irradiated three times in a Light Curing Systems
UVC-5 (Dymax) with a lamp intensity of 400 mW cm™> for
10 minutes. After a solid material was obtained, the samples
were peeled off and stored at room temperature.

Characterization. 'H and "*C NMR spectra were recorded at
ambient temperature, using deuterated chloroform (CDCl;) or
deuterated DMSO (DMSO-d®) with a 300 MHz Bruker
Avance III.

Fourier transform-infrared (FT-IR) spectra were recorded
using a Nicolet 6700 FTIR with an ATR accessory (MKII Golden
Gate) from SPECAC with a diamond crystal. The measurements
were recorded using 16 scans and a resolution of 8 cm™.

Thermogravimetric analysis (TGA) was performed in a TGA
8000 from PerkinElmer under a nitrogen atmosphere from 30
to 900 °C at a heating rate of 10 °C min™".

Differential Scanning Calorimetry was performed on a TA
Instruments DSC 250 calibrated with indium, and the curves
were analyzed using the Trios software. The sample was first
equilibrated at —85 °C followed by a 1-minute isothermal step.
A heating ramp of 20 °C min~' was then performed until
100 °C. The sample was then kept at 100 °C for 1 minute
before being cooled down with a cooling rate of 50 °C min™*
until —85 °C. A second heating ramp was then performed with
the same parameters as the first one. T,s were measured as the
inflexion point of the first DSC scan.

4
4

[mol%]
B6 BA HEMA

Scheme 9 Preparation of crosslinked networks.
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Dynamic Mechanical Thermal Analysis (DMTA) was per-
formed in compression mode using a Triton 2000 DMA (Triton
Technology). The experiments were carried out using circular
samples with a diameter of 8 mm at a frequency of 1 Hz. The
chosen temperature range was from —80 °C to 150 °C at a
heating rate of 4 °C min™".

Samples were reprocessed in Collin P200E compression
molding machine under the following conditions: (1) preheat-
ing the mould for 5 min at 150 °C; (2) heating the sample at
150 °C for 10 min at 300 bar of pressure and finally (3) cooling
the sample.

Rheological experiments were performed in ARES-G2 rhe-
ometer from TA Instruments. Frequency sweeps were per-
formed in shear geometry with 8 mm diameter plates under
linear viscoelastic conditions, in which the storage modulus
and the loss modulus of the samples were determined.
Confirmation that the measurements were recorded within the
linear viscoelastic regime was obtained through strain sweeps
at a frequency of 1 Hz. Stress relaxation measurements were
performed to obtain the relaxation modulus (G(¢)) in shear
using plates with 8 mm of diameter under linear viscoelastic
conditions. The samples had a thickness between 0.6 mm and
1 mm.

To measure the degree of swelling a piece (7 mm in dia-
meter and 1 mm in thickness) of the polymerized material was
immersed in 2 mL of dry CH,Cl, overnight at room tempera-
ture. The swollen sample was weighed and the swelling ratio
was obtained following the equation written below:

Swelling ratio = (M — Mq)/Mq

where My and M, denote the mass of the pristine dry sample
and the swollen sample respectively.

Computational methodology. All geometry optimizations
were executed within density functional theory (DFT) using the
©B97XD*" functional combined with the 6-31+G(d)"* basis set
for all atoms. Frequency calculations were carried out at the
same level of theory to validate that the optimized structures
were minima or transition states on the potential energy sur-
faces. These frequencies were then used to evaluate the zero-
point vibrational energy (ZPVE) and the thermal corrections to
the enthalpy (H) and Gibbs free energy (G), at T = 298.15 K, in
the harmonic oscillator approximation. To refine the electronic
energies, single-point calculations using the 6-311++G(2df,2p)
basis set® were performed on the optimized structures. All the
calculations were performed with the Gaussian 16 suite of pro-
grams.** The molecular models used in the simulations for
the boronic ester compounds are depicted in Scheme 1.

3 Results and discussion
Density functional theory (DFT) results

Nucleophile-mediated exchange reaction mechanism. As a
first step, the mechanistic pathway of the nucleophile-
mediated exchange of boronic esters was explored by means of
DFT calculations. For the model reaction we considered the

This journal is © The Royal Society of Chemistry 2024
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exchange between B1 and B2 with methanol as the nucleophi-
lic mediator. In Fig. 2, the calculated potential energy surface
is shown. The detailed molecular structures of all intermedi-
ates and transition states are depicted in Fig. S33, in the ESL.}

The first step of the mechanism as determined by DFT is
the nucleophilic attack of one MeOH molecule to the boron
atom (TS1, 15.74 kcal mol™"). Next, a hydrogen transfer from
the methanol oxygen to one of the dioxaborinane oxygens
takes place, assisted by a second MeOH molecule (TS2,
20.96 kcal mol™"), to generate a zwitterionic species that
undergoes a ring-opening process to yield an acyclic inter-
mediate with a free hydroxyl moiety (INT2, 14.74 kcal mol ™).
This free hydroxyl is also a nucleophile and may attack a
second dioxaborinane molecule (TS3, 26.97 kcal mol™"). Next,
a hydrogen transfer between oxygens assisted by a MeOH
molecule takes place, through a transition state similar to TS2
(TS4, 30.83 kcal mol™"). Again, the generated zwitterionic
species is not stable and ring opens, leading to an intermedi-
ate with a free hydroxyl moiety (INT4, 25.12 kcal mol™"). This
new free hydroxyl may undergo an intramolecular nucleophilic
attack to the boron atom of the first boronic ester (TS5,
34.27 kcal mol™), leading to a zwitterionic cyclic dimer of
dioxaborinanes (INT5, 31.08 kcal mol™). Next, a hydrogen
transfer between the positively charged oxygen to the oxygen
of the pendant methoxy group in the first dioxaborinane takes
place (TS6, 37.99 kcal mol™") and the generated methanol
group leaves (TS7, 22.67 kcal mol™'), producing a neutral
cyclic dimer (INT7, 20.69 kcal mol™") and recovering the
methanol. The last step involves an intramolecular metathesis
of the cyclic dimer, where two oxygen atoms simultaneously
attack the boron atoms to give the two new dioxaborinanes.
This is the rate determining step, with an energy barrier of
17.68 keal mol ™.

Direct metathesis exchange mechanism. In the nucleophile-
assisted mechanism, methanol was found to play a key role in
the exchange of dioxaborinanes. Nevertheless, the last and
rate-determining step corresponds to an intramolecular meta-
thesis. Therefore, it is reasonable that a non-catalyzed pathway
may also take place, where two dioxaborinane monomers
undergo metathesis, as has previously been hypothesized in
the literature.>**> DFT calculations were used to explore this
possibility. In Fig. 3, the calculated potential energy surface of
the direct metathesis pathway of dioxaborinanes is shown. The
molecular structures of all intermediates and transition states
are depicted in Fig. S34, in the ESL{

When two dioxaborinanes approach, the oxygens may
undergo a nucleophilic attack to the boron atoms in a [2 + 2]
cycloaddition reaction (TS1, 29.15 kcal mol™?). This leads to a
four-membered cyclic structure that opens to form a macro-
cycle dimer of the two initial boronic esters (INT1, 17.58 kcal
mol ™). This is the rate determining step of the reaction, with
an energy barrier of 29.15 kcal mol™~". Next, an intramolecular
metathesis may take place (TS2, 32.58 kcal mol™") to generate
the two new dioxoborinane molecules.

The two exchange mechanisms shown above highlight that
the exchange reaction can take place through different path-

Polym. Chem., 2024,15,181-192 | 185
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Fig. 2 Potential energy surface of the MeOH-mediated exchange of dioxaborinanes. Gibbs free energies (AG) in kcal mol™. Red line indicates the .
d.s. of the reaction with the value in kcal mol™. The molecular structures corresponding to the intermediates and transition states are depicted in

the ESI.}

ways, with significant differences in the expected energy bar-
riers. Although the proposed MeOH-mediated exchange reac-
tion is more complex, involving several steps, the energy
barrier of the rate determining step is just 17.68 kcal mol™". In
contrast, for the direct metathesis mechanism, the reaction
takes places in just two steps, but the rate determining step
involves a significantly higher barrier (29.15 kcal mol™). Thus,
it is expected that the presence of MeOH (or other nucleophile)
in the reaction mixture would facilitate the exchange of
boronic esters.

Model studies

In order to determine whether the effects predicted by DFT
lead to differences in the exchange dynamics experimentally, a
number of exchange experiments were performed using small
molecules as model compounds. As previous reports have pro-
posed that adventitious nucleophiles may play an important
role even where no nucleophile is specifically added,*® we first
explored the stability of the dioxaborinanes used in this work
by addition of water and MeOH to B4 at 60 ‘C for 4 hours
(Scheme 10). In order to avoid solubility issues in the case of
using water these tests were performed in DMSO. The aromatic
peaks at 7.60 ppm for the boronic ester and 7.70 ppm for the
hydrolyzed product were integrated to determine the relative
percentages of the two components in the mixture. The NMR
spectra are shown in Fig. S18-S30 for reference.t
Dioxaborinane B4 showed very high stability towards
MeOH: adding 0.1 and 0.2 molar equivalents to the boronic

186 | Polym. Chem., 2024, 15, 181-192

ester in deuterated DMSO, after 4 hours at 60 °C, resulted in
the alcoholysis of just 1% of the boronic ester into product
BH1 (see Fig. S19 and S20f for the corresponding NMR
spectra). Adding 0.5 eq. or 1 eq. has a similar outcome to the
one aforementioned, with only 3% BH1 formed after 4 hours
(see Fig. S21 and S22 for the corresponding NMR spectrat).
Note that even at higher amounts of MeOH in the system, the
extent of hydrolysed material is relatively small (i.e. 8% with
5 molar equivalents of MeOH) (see Fig. S24 for the corres-
ponding NMR spectrat).

Since one of the possible exchange mechanisms of boronic
ester is the hydrolysis to boronic acid and the subsequent re-
esterification to the initial product (mechanism 1 in Fig. 1), we
also tested the effect of water as a nucleophile. Again, here, B4
showed high stability towards hydrolysis. Note that the stabi-
lity of the six-membered dioxaborinanes used here is signifi-
cantly higher than the dioxaborolanes that have been used in
many previous studies where complete hydrolysis occurs even
with relatively small amounts of water.”> Comparing with
MeOH, water seems to result in more hydrolysis: when 0.1 eq.
and 0.2 eq. were added, a total of, respectively 2% and 3% of
the boronic ester was hydrolysed to BH1. However, unlike the
case of MeOH, in the case of water as a nucleophile, at higher
molar equivalents the amount of hydrolyzed material
increased substantially (i.e. 28% with 5 molar equivalents of
MeOH).

Following these stability experiments, a series of kinetic
measurements were performed in bulk and solution with the

This journal is © The Royal Society of Chemistry 2024
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Scheme 10 Hydrolysis or MeOH-nucleophilic attack to dioxaborinane
B4 to give product BH1.

addition of MeOH and H,O in different molar percentages at
60 °C in CDCIl;. The total concentration of dioxaborinanes in
solution experiments was 0.5 mol L™" in all cases. At regular
intervals, a small volume of the reaction mixture was taken out
to perform "H NMR measurements in CDCl;. The signals of
the characteristic methylenes (-OCH,—) at 3.80 ppm for B2
and 3.82 ppm for B4 were integrated to determine the relative
percentages of the four components in the reaction
mixture. The corresponding NMR spectra are shown in the ESI
(Fig. S9-S177).

Fig. 4 shows the evolution of the reaction mixture with time
for the various reactions. When B2 + B1 were left in solution

This journal is © The Royal Society of Chemistry 2024

without any catalyst at 60 °C, the exchange was slow and after
4 hours the ratio between the starting reagent B2 and the
metathesis product B4 was just 9/1. In contrast, when the two
dioxaborinanes were reacted in bulk with the same conditions
after 4 hours the ratio between B2 and B4 was close to equili-
brium, being 6.1/3.9. The relatively fast exchange in bulk is
simply the result of higher concentrations of reactants but
does highlight that exchange occurs even in the absence of
intentionally added mediator, thus supporting the idea of a
metathesis reaction.

For the reactions in solution with different amounts of
MeOH as a nucleophilic catalyst, higher concentrations of
MeOH clearly resulted in faster exchange dynamics. As graph
B from Fig. 4 shows, when 5% or 10% of MeOH was added,
the rate of exchange did not differ substantially from the unca-
talyzed reaction. However, when the concentration of MeOH
for 20% and 50% molar MeOH, the
increase in rate was significant. This behaviour can be
explained by the presence of MeOH, which in higher quantity,
facilitates the opening of the dioxaborinane cycle. To quantify
this effect, the effective rate coefficient for the exchange reac-
tion was determined from the kinetic plots by assuming an
identical rate coefficient for the forward and backward reac-
tion. As shown in Fig. S317 although the effective rate coeffi-

was increased, ie.,
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Fig. 4 (a) Experimental kinetics of the reaction between dioxaborinane B2 and B1 at 60 °C for 4 hours. (b) Kinetics of B2 + B1 without catalyst in

solution (CDCl3) and in bulk. (c) Kinetics of B2 + B1 in solution with 5, 10, 20 and 50 mol% of MeOH with respect to the dioxaborinanes. (d) Time-
dependent 'H-NMR spectra of the bulk kinetic reaction of the two dioxaborinanes.

cient increases with the concentration of MeOH, as the MeOH
concentration is reduced it decreases to a non-zero value
which suggests that there is a significant contribution from
the direct metathesis reaction pathway. In addition to the use
of MeOH we also tested the use of water as a nucleophile by
addition of 50% water with respect to dioxaborinanes, leading
to a water-saturated reaction mixture (see Fig. S321). Similar to
the case of methanol the rate was substantially faster than
kinetic experiments without any added nucleophile.

The combination of the kinetic results and DFT results
reported above allow us to draw some conclusions on the
exchange pathways in the case of boronic esters. Based on the
negligible alcoholysis reported in Table 1, even for relatively
high alcohol concentration, and the relatively high rate of
exchange at zero/low alcohol concentrations shown in Fig. 4, it
appears that the direct metathesis pathway detected in the
DFT calculations can be important. In the presence of MeOH
the strong increase in rate suggests that the alternative, nucleo-
phile-mediated pathway becomes more significant. However, it
is important to note that due to the very different hydrolytic
stability of dioxaborolanes and dioxaborinanes, these obser-
vations made for dioxaborinanes may differ when changing
the boronic ester structure. Thus, in the case of dioxaborolanes
the presence of small amounts of water can result in a signifi-

Table 1 MeOH/hydrolytic stability of dioxaborinane B4. Different
equivalents (0.10-0.20-0.50-1-2.5-5) of the two nucleophiles were
added and the percentage of the hydrolysed/BH1 product is shown

MeOH/H,0 eq. % Alcoholysis % Hydrolisis
0.10 <1% 2%

0.20 1% 3%

0.50 3% 6%

1 3% 7%

2.5 3% 17%

5 3% 28%

188 | Polym. Chem., 2024, 15, 181-192

cant amounts of hydrolysis and would therefore promote the
ring-opening mechanisms proposed by Raynaud et al.>®

Preparation and characterization of dynamic networks

As a demonstration of the use of the nucleophile-mediated
mechanism in vitrimer type materials, a thermoset network
containing pendant alcohol groups and a dioxaborinane-based
crosslinker was synthesized. In order to prepare the network a
new dioxaborinane-based crosslinker (B6) was prepared and
photopolymerized using butyl acrylate and 2-hydroxyethyl
methacrylate as monomers. It was proposed that HEMA would
play the role of an accelerator through the action of the nucleo-
philic alcohol group. Another commercial dimethacrylate
crosslinker, ethylene glycol dimethacrylate, (M1) was used to
prepare control materials as a non-dynamic network. The
crosslinker was introduced as 3 mol% compared to BA in the
monomer feed and a series of PBA + pHEMA networks were
prepared, using 0, 0.6 and 1.5 mol% HEMA with respect to the
main monomer in the formulation (see Table 2). Following
photopolymerization, the vitrimers were obtained as free-
standing films.

Note that the network is prepared using monomers that
contain methacrylate, acrylate and styrenic-type vinyl groups
and therefore some composition drift is expected during the
polymerization. Based on previously published values for acry-
late/methacrylate/styrene  terpolymerization systems,*® the

Table 2 Vitrimer networks prepared with 3 mol% dioxaborinane B6
crosslinker with respect to butyl acrylate. Variation of mol% of HEMA,
compared to the moles of butyl acrylate for samples VTO, VT1 and VT2

Name % Crosslinker % HEMA
VvTO 3 0

VT1 3 0.6

VT2 3 1.5

This journal is © The Royal Society of Chemistry 2024
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extent of composition drift in terpolymerization systems was
estimated by direct numerical integration using the method
suggested by Kazemi et al.’” as shown in Fig. $35.1 It can be
seen that while the methacrylic components (HEMA and the
methacrylate from the crosslinker) are largely reacted below
60% conversion, the styrenic double bond of the crosslinking
agent is expected to be consumed fairly evenly throughout the
polymerization. It may be noted that as a network is formed
during the reaction, although there is some compositional het-
erogeneity in the individual chains that make the network, the
final sample will be relatively homogeneous.

Characterization of the materials

The crosslinked nature of the vitrimers was confirmed by
swelling measurements and DMTA. The swelling of the vitri-
mers measured in DCM was similar to the control sample indi-
cating that the crosslinked network is structurally similar in all
cases (see Table S1t). All samples showed a single glass tran-
sition in the DMTA above which the modulus was approxi-
mately constant, as would be expected for a crosslinked
material (see Fig. S45f). Measurement of the T, by DSC
showed that all samples has a T, of around —41 °C with no
notable change upon incorporation of the HEMA (see
Table S1t). The thermal properties were measured by TGA.
Under a nitrogen atmosphere, all the networks were thermally
stable up to 310 °C with the temperatures of 5% weight loss
being above 335 °C (see Fig. S37t), which was much higher
than the temperatures required for metathesis of the dioxabor-
inanes as shown in Fig. 4.

Rheological properties

To confirm that the dynamics of the material were accelerated
in the presence of the catalytic hydroxyl moieties, stress relax-
ation measurements of the dynamic vitrimer networks were
performed at a number of temperatures (see Fig. S38-S407).
Representative measurements at 160 °C comparing the blank
and the samples containing the dynamic crosslinker with or
without HEMA are shown in Fig. 5. It can be seen that all the
vitrimer networks prepared with the boronic ester crosslinker
relax, with those containing higher concentrations of HEMA

=X
1

Modulus (Pa)

"

10" 4 3
T T
0.1 1 10 100 1000
Time (s)

Fig. 5 Stress relaxation analysis of control crosslinked network “blank”,
vitrimer VTO, VT1 and VT2 at 160 °C as function of time.
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showing significantly reduced relaxation times. In contrast,
the control sample showed no stress relaxation as expected for
a non-dynamic crosslinked material.

The characteristic relaxation times for the different samples
were obtained by a fit of the stress relaxation data to a stretched
exponential for all temperatures. The Arrhenius plot of the relax-
ation times at different temperatures are shown in Fig. 6. There
are two important points that can be seen in this figure. The first
is that at a given temperature there is an enormous decrease of
the relaxation time. This decrease in the relaxation time is par-
ticularly remarkable given the relatively low concentrations of
HEMA that were incorporated into the formulations. Note that
the increased rate of stress relaxation could also be observed at
low frequencies in frequency sweep experiments where vitrimers
of sample VI2 could be seen to reach a G', G" crossover point
(see Fig. S41-44t). The second important point is that there is
also a significant reduction in the activation energy when HEMA
is incorporated into the copolymer.

These results are in line with the DFT studies, which show
a smaller energy barrier for the rate determining step of the
MeOH-mediated mechanism, compared to the rate determin-
ing step of the direct metathesis mechanism. This behaviour
is also in agreement with the model studies, where the
addition of MeOH increased the rate of the reaction. Moreover,
the stress relaxation exhibited by vitrimer sample VTO is
further proof of the metathesis mechanism in the absence of
catalyst.

Thermal healing and reprocessing

In order to assess the reprocessing of the vitrimer networks
based on dioxaboranines, the prepared samples were cut into
multiple pieces and hot-pressed for 10 minutes at 150 °C
under 8 MPa. The networks comprising boronic esters were
able to be reprocessed and intact specimens were recovered
completely (see Fig. 7 and Fig. S46-S48%). In the case of
control networks, the same processing protocol (150 °C)
afforded samples of extremely poor quality, which were too
weak to be characterized (Fig. S4971). Frequency sweep and
stress relaxation measurements on the reprocessed samples

74 = VTO
o VT
A VT2
6 E,=126.5 kJ/mol
54
—
< 4
)= _
3 E,.=92.6 kJ/mol ,//:
21 E,.=79.6 kJ/mol
14

2.3x10° 2.4x10° 2.5x10°

1T (K"

2.2x10°

Fig. 6 Arrhenius plot of relaxation times for vitrimer VTO, VT1 and VT2
to give the activation energy for bond exchange.
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Fig. 7 (a) Reprocessing of vitrimer network VT1: step 1 consists in

cutting in small pieces the pristine vitrimer material. Step 2 refers to the
thermal reprocessing at 150 °C for 10 minutes to give the reprocessed
material. (b) Storage and loss modulus of pristine and reprocessed VT1.
(c) Stress relaxation behaviour of pristine and reprocessed VT1.

showed that there were no significant changes in the mechani-
cal properties of the reprocessed samples (see Fig. 7 and
Fig. S50-S527).

4 Conclusions

In conclusion, we have performed a computational and experi-
mental study to understand the mechanism of exchange in
boronic ester-containing polymer networks. The quantum
chemical calculations suggested two separate mechanistic
pathways depending on the presence of a nucleophilic species.
In the absence of a nucleophile, a direct metathesis pathway
was found. Experimental evidence for this was demonstrated
through the exchange of model dioxaborinanes in the absence
of nucleophilic mediators. When a nucleophile (water or
methanol) was added to the system, the exchange rate
increased significantly. It was demonstrated that the increased
rate of exchange in the presence of free alcohol groups can be
used advantageously to drastically accelerate stress relaxation
in vitrimers synthesized using dioxaborinane-based cross-
linkers by inclusion of nucleophile containing comonomers.
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