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Nb(v), Ta(v), and V(i) catalyst-driven development
of temperature-responsive self-healing materials
based on methyl methacrylate¥

Joanna Drzezdzon, 2 **® Marzena Biatek, () © Stefania Zappia,® Mattia Lopresti,®
Luca Palin,®" Katarzyna N. Jarzembska, () 9 Radostaw Kaminski (2 ¢ and
Janusz Datta (9°

This study fills an important gap in the use of group V cation complexes — Nb(v), Ta(v), V(v) — as versatile
catalysts that can be used both in the polymerisation of olefins and in the synthesis of MMA-based
materials that exhibit temperature-responsive properties and self-healing capabilities. This area has so far
remained insufficiently explored. The work shows clear structure—property relationships of the materials
and highlights their potential for green applications. This work introduces newly developed crystalline
coordination compounds of Nb(v), Ta(v), and V(v), synthesized with ligands such as 2-phenylpyridine,
4-phenylpyridine, and dimethylformamide (DMF). These complexes were explored as catalysts in both
ethylene polymerization and its copolymerization with 1-octene, in addition to their role in forming temp-
erature-responsive, self-healing materials based on methyl methacrylate (MMA). The catalysts demon-
strated notable versatility, effectively enabling the synthesis of traditional polyolefins as well as advanced
MMA-derived polymers with adaptive features. Rheological and mechanical testing showed that both the
choice of catalyst and the concentration of MMA significantly impacted key material properties, including
viscosity, shear stress, hardness, and healing capability. Particularly impressive were the V(v)-based cata-
lysts, which enabled rapid self-healing. For instance, the V-PE-50MMA composition achieved full struc-
tural recovery within just 15 minutes at 35 °C. Microscopic analysis revealed a transformation in material
structure—from dense to porous forms—as MMA content increased, which was linked to stronger mole-
cular interactions.

1. Introduction

The development of self-healing materials inspired by biologi-
cal processes has become the subject of considerable interest
as a sustainable approach to increasing product durability and
reducing resource consumption.’ In nature, biological systems
have remarkable self-healing mechanisms that allow organ-
isms to recover from damage through molecular reorganiz-
ation and regenerative processes. Applying these biological
principles in the context of synthetic materials opens up new
opportunities toward developing more durable and resource-
efficient solutions, especially in the construction industry.>?
The most widely studied self-repairing materials are
elastomers.*® They have the ability to deform reversibly.
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Elastomers such as polyurethanes, silicone polymers and poly-
butadienes are widely studied for self-repair due to their ability
to regenerate damaged bonds.?

Self-healing polymers represent a transformative develop-
ment in materials science, providing the extraordinary capa-
bility for materials to autonomously repair damage without
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the need for external assistance. These polymers hold great
promise, particularly for applications in environments where
repair or maintenance is either difficult or expensive.® At
present, the majority of research on self-healing polymers is
focused on thermosetting polymers and those created through
metathesis reactions.”® Such processes often use noble metal
catalysts, like ruthenium complexes. While these catalysts are
highly effective, they are limited by high costs, scarce avail-
ability, and environmental concerns.”'® Table 1 presents
examples of self-healing polymers along with their properties.

A recent study examined the use of poly(methyl methacry-
late) (PMMA) capsules to introduce self-healing properties in
concrete.'! Their strength during the mixing process and their
ability to react when cracks occur were studied. The results
suggested that PMMA capsules with specific dimensions could
be a promising solution for large-scale applications. In
addition, studies have been conducted on core-shell nanocap-
sules, made of MMA and N,N-dimethylaniline, which act as a
self-repairing agent for cementitious materials."> The results
showed that the aforementioned nanocapsules, embedded in
PMMA, release healing substances in response to the onset of
stress. Other studies have used PMMA in organic-inorganic
hybrid coatings for corrosion protection of building
materials.”> Combining PMMA with cerium oxide nano-
particles yielded excellent self-healing and anti-corrosion
properties.

Coordination compounds of transition metals, such as
niobium, tantalum and vanadium, have been popular in olefin
polymerization research.>*”>® This is due to their ability to

Table 1 Examples of self-healing polymers including properties
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efficiently catalyze various mechanisms of polymer chain
growth - often with high activity and control over stereo-
chemistry. Early studies noted that vanadium-based catalysts
are very effective in the polymerization of ethylene and its
copolymerization with monomers containing polar groups.>®
However, their performance is limited by moderate thermal
stability and catalyst time. Niobium and tantalum complexes -
usually stabilized with triphenolate, alkoxy, amide or pyrazolyl
ligands - also show high catalytic properties.”**>*” They can
initiate the polymerization of olefins in a selective manner,
enabling, for example, viable polymerization and efficient
incorporation of comonomers. The high electrophilicity of
group 5 metals is crucial, which makes it possible to precisely
modify their catalytic properties through appropriate choice of
ligands.

In this study, we explore how coordination environments of
Nb(v), Ta(v), and V(iv) complexes impact the efficiency of
polymerization and self-healing behavior, providing new
insight into the rational design of adaptive materials. In the
first step we synthesized novel crystalline Nb(v), Ta(v), and V(wv)
coordination compounds with ligands such as 2-phenylpyri-
dine, 4-phenylpyridine, and DMF, unlocking new catalytic
potential for polymerization reactions. Secondly we applied
these advanced catalysts to the production of polyethylene,
ethylene/1-octene copolymers, and self-healing materials
based on methyl methacrylate showcasing their versatility and
efficiency in material synthesis. In the final step we investi-
gated the self-healing behavior of materials based on methyl
methacrylate, examining the impact of catalyst type, MMA con-

No. Self-healing polymer Details of self-healing process

1 Diels-Alder polymers

2 Hydrogen-bonding
polymers

3 Disulfide bond

polymers

4 Imine bond polymers

5 Supramolecular
polymers

6 Microcapsule-based
polymers

7 Shape memory
polymers

8 Ionic polymers
9 Epoxy-based self-
healing polymers

10  Metal-ligand
coordination polymers

9902 | Dalton Trans., 2025, 54, 9901-9913

Polymers utilizing Diels-Alder reactions for self-healing. DSC
(differential scanning calorimetry) to study the reversibility of the
reaction and thermal behavior

Use dynamic hydrogen bonds for structural regeneration. FTIR
(Fourier transform infrared spectroscopy) to analyze bond formation
and dynamics

Self-healing through reversible oxidation and reduction of disulfide
bonds. UV-Vis spectroscopy for monitoring the oxidation/reduction
process

Polymers containing dynamic imine bonds. Tensile testing to assess
mechanical properties and recovery after healing

Utilize non-covalent interactions for self-healing. NMR (nuclear
magnetic resonance) for investigating dynamic interactions
Embedded microcapsules release healing agents upon damage.
Scanning electron microscopy (SEM) to examine capsule release
upon damage

Return to original shape upon heating, enabling self-healing. DMA
(dynamic mechanical analysis) to study shape memory and recovery
properties

Incorporate ionic interactions for self-healing. Electrochemical
impedance spectroscopy (EIS) for ionic conductivity and self-healing
under electrical stimuli

Epoxy resins modified for self-healing capabilities. Tensile testing
and thermogravimetric analysis (TGA) to assess mechanical and
thermal properties

Use metal-ligand interactions for dynamic self-healing. MALDI-TOF
(matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry) to analyze metal-ligand interaction dynamics

Properties Ref.
Reversible bonds at room 7
temperature, thermoplasticity
Flexibility, self-healing at room 14
temperature

Chemical stability, capability for 15
multiple regenerations

Tensile strength, self-healing in 16
the presence of moisture

High elasticity, reversible self- 17
healing

Targeted self-healing, long-term 18
durability

Shape memory effect, thermal 19
responsiveness

High ionic conductivity, self- 20
healing under electrical stimuli

High mechanical strength, 21
thermal stability

Reversible coordination, robust 22

mechanical properties

This journal is © The Royal Society of Chemistry 2025
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centration in the starting reaction mixture, and temperature
on material recovery and processing, paving the way for next-
generation, adaptive materials systems.

2. Results and discussion
2.1. Structures of Nb(v), Ta(v) and V(iv) complex compounds

The structures of the synthesized complex compounds are
shown in Fig. 1 (CCDC numbers: 2391112, 2391113, and
2383525%). The Nb(v) complex crystallises in the triclinic P1
space group. The NbOCl; molecule®® is additionally co-
ordinated by two dimethylformamide moieties in a cis mutual
arrangement (Fig. S1at).

In consequence, the Nb(v) cation adopts an octahedral
coordination geometry. In the crystal structure the complex
molecules are arranged in such a way that the organic frag-
ments are grouped together as shown in Fig. S2a,T leading to a
layer-like architecture. The crystal structure is stabilised
mainly by numerous hydrogen-bond-like contacts between the
oxygen or chlorine atoms and the adjacent aliphatic hydrogen
atoms. The Ta(v) complex crystallizes as a multicomponent
salt crystal in the triclinic P1 space group. The asymmetric
unit (ASU) (Fig. S1bf) contains an octahedral TaCls~ and a
chloride anion, two protonated 2-phenylpyridine moieties and
a dichloromethane molecule. The crystal structure is character-
ise by a layered architecture. Organic fragments form layers
parallel to the (012) crystal plane which are arranged alter-
nately along the [001] direction with the anionic layers com-
posed of ClI~, TaCls~ and solvent species (Fig. S2bt). In turn,
when looking at the crystal packing along the Z axis, anions
and cations create a chessboard pattern. The crystal structure
is dominated by the electrostatic interactions between the
charged species, however, some weaker =n---1 stacking contacts
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Fig. 1 Structures of synthesized V(iv), Nb(v) and Ta(v) complex compounds.
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can also be detected (Fig. 1 and S1}). The Nb(v) and Ta(v) com-
plexes crystallize in a ternary arrangement, in the same space
group P1, and their elemental cells each contain two structural
units (Z = 2), indicating similarity in the crystal symmetry of
the two compounds. Despite the identical space group, the
differences in the size of the elemental cells are pronounced:
for the Nb(v) complex, the volume is 655.8(3) A®, while for the
Ta(v) complex it is as large as 1484.8(7) A. Such a large differ-
ence is consistent with the fact that the tantalum complex has
a much higher molecular weight (826.43 vs. 361.45 u) and a
more extended structure, containing additional ions and mole-
cules such as two cations [C;1H;,N]", an anion [TaClg]~, a CI~
ion and a solvent molecule CH,Cl,. Nevertheless, the calcu-
lated densities of the two complexes are very similar: 1.8304 g
em ™ for Nb(v) and 1.8486 g cm ™ for Ta(v), suggesting that the
packing of molecules in the crystal is similar in both cases,
regardless of the differences in mass and volume. The Nb—Cl
bond lengths range from 2.365(2) to 2.404(3) A, corresponding
to typical lengths for Nb-Cl bonds in octahedral niobium(v)
complexes, where they typically range between 2.3 and 2.5 A.
The small differences between these values suggest similar
interaction strengths and similar symmetry around the
niobium(v) cation. The Nb-O bond lengths, on the other hand,
are more variable, ranging from 1.704(5) A (for the Nb1-03
bond) to 2.221(5) A (for Nb1-02). The shortest of these, 1.704
(5) A, corresponds to the Nb=0 bond, typical of high-oxi-
dation transition metal oxides. The remaining, longer Nb-O
bonds are of a coordination nature and are within the typical
range for such bonds with O-donor ligands, such as ethers.
The variation in the length of these bonds is indicative of the
different electron influences of the ligands in the vicinity of
the central metal atom.

The Ta(v) complex forms a multicomponent salt crystal
with a layered structure where electrostatic interactions

cl
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between charged species dominate, complemented by weaker
n---7 stacking contacts (Fig. 1 and S27).

Our study revisits the VO(iv) complex first reported by Caira
et al. (1972),*° providing a detailed crystallographic analysis
using single-crystal X-ray diffraction and first-principles model-
ing to address the missing structural details. The results
confirm the monoclinic C2/c space group, highlight the influ-
ence of crystal packing on molecular geometry, and offer new
insights into the structural flexibility and catalytic potential of
vanadium-based compounds (Fig. 1, S3-S4 and Tables S1-
S4t). The VO(wv) complex was originally reported in 1972 by
Caira et al.*® but the absence of fractional coordinates in the
CCDC in the corresponding entry (CCDC number: 1237904)
and lack of information in the corresponding article about the
geometrical features of the phenylpyridyl ligand, vanadium
coordination geometrical features (except vanadyl distance),
disposition of acetylacetonate (acac) groups with respect
vanadyl, crystal packing and intermolecular contacts, and,
moreover, prompted us to further investigate its crystallo-
graphic features by single crystal X-ray diffraction and first
principle modeling. VO(acac),(4-phenylpyridine) complex crys-
tallizes in the monoclinic space group C2/c, with a single
metal complex in the asymmetric unit (Fig. S3at), confirming
the presence of an unpaired electron in the complex. The unit
cell parameters are as follows: a = 24.2547(1) A, b = 8.0765(5)
A, ¢ = 21.659(1) A, § = 108.968(7)° (Table S2). The unit cell
volume of 4012.5(4) A® suggests a closely packed structure,
with 17.913 A’ per atom, indeed only a bit smaller than the
value of 18 A® per atom by the Kempster and Lipson rule.*
Bond lengths between the central vanadium atom and its coor-
dinating oxygen atoms (Table S3t) are consistent with those
reported for similar complexes,*! and very similar to the bond
distances observed by Caira et al. for this same complex (when
available).>® In fact, some structural details of the V(iv)-based
compound were initially reported by Caira et al in 1972,>°
when the unit cell dimensions and the space group were cor-
rectly reported. In this paper, thanks to 1412 independent
reflections, whose intensity was “estimated visually” (as stated
by the authors) they solved the structure by Patterson
methods, confirming the cis configuration of the quasi-octa-
hedral vanadium complex, and also noting a not coplanar dis-
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position of the vanadium with respect to the planar coordi-
nation system formed by N, O3, O4, and 05, according to the
referenced paper’s nomenclature. Such displacement was cor-
rectly estimated being 0.22(1) A by the authors. These results
are really impressive, given the instrumentations available in
the early '70 of XX century and the large unit cell. However,
two reasons suggested us to propose a new structural resolu-
tion. On one hand, the fractional atomic coordinates were not
provided and are not available in the manuscript and in CSD.
More importantly, in that article the structure is not discussed
in detail. Angles and torsion angles are not given, and the
structure could have some torsional conformations, especially
involving the bipyridyl system. To further investigate confor-
mational flexibility of the V(iv)-based complex, two molecular
models with the geometric features reported in Table 2 were
subjected to geometric optimization. The two experimental
structures (model 1, from SC-XRD solved structure and model
2 inspired by Fig. S41 from Caira et al.), were used as input for
the calculations. The main difference between the two models
is the conformation of the phenyl pyridyl group and its orien-
tation with respect to the vanadyl ligand, as evidenced by the
torsion angles in Table S4.f Worth noting, after geometric
optimization, both model 1 and model 2 converged to the same
result, which is consistent with the one obtained experimentally
in the present paper, except for the phenyl ring rotation with
respect to the bipyridyl one. This suggests that the crystal
packing imposes a molecular geometry (red complex in
Fig. S41) different from an energy minimum in the vacuum or
in solution (blue complex in Fig. S47). Therefore, it can be con-
cluded that the vanadium-based compound, when acting as
catalyst in solution without the constraints of crystal packing,
assumes a conformation similar to that of the optimized model,
with the vanadyl group well accessible from outside to complex.

The comparison with related structures is also noteworthy.
The recently resolved structure of the VO(acac), N-oxide
complex (CCDC number: 2369265) adopts a trans-configur-
ation, contrasting with the cis-configuration observed in the
V-based complex. This structural difference can be attributed
to the presence of an oxygen bridge between the nitrogen and
vanadium atoms. In the vanadium complex, the direct bond
between the nitrogen and vanadium atoms results in the bipyr-

Table 2 Results of ethylene homo- and copolymerization catalyzed by vanadium complex

Entry Time (min) Activator  1-Octene (mL) Yield (g) A¢ 1-0ct™™®? (%mol)  T1, ¢ (°C) Xc€ (%) My¢(gmol™)  M,/M,*
D-8-24 10 Et,AlCL — 3.43 68600 — 135 65.8 263 400 2.22
D-9-24 10 Et,AlCI 3 2.13 42600 3.4 116 41.4 167 900 1.60
D-10-24 10 Et,AlC] 1 3.11 62200 2.4 123 47.0 230300 3.32
D-11-24 10 Et,AlCL 5 1.10 22000 4.6 112 38.2 129900 2.10
D-12-24 10 Et,AlCL 2 2.19 43800 2.9 118 42.7 138 800 1.89
D-13-24 6 EtAICl, — 2.71 90333 — 135 53.8 1782000 8.98
D-14-24 10 EtAICl, 3 2.01 40200 7.9 108 30.9 294 200 2.35
D-16-24 10 EtAICl, 5 1.08 21600 9.6 101 24.2 216 300 2.17

Polymerization conditions: vanadium complex 0.3 pmol, hexane 100 mL, ethylene 5 bar, Al/V (molar ratio) = 3000, ETA/V (molar ratio) = 200,
temperature 60 °C. “ Polymerization activity, kg moly~* h™. ? 1-Octene content in copolymer determined by FTIR method.**" * Melting point and
crystallinity determined by DSC. ¢ Weight average molecular weight and polydispersity determined by HT-SEC using o-DCB as the mobile phase.
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This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5dt01073j

Published on 03 June 2025. Downloaded on 4/6/2026 9:23:08 AM.

Dalton Transactions

idine ligand being oriented almost perpendicularly to the
V=0 bond [£N1---V1---O5 = 92.26°]. The slightly curved shape
of the phenylpyridine terminus in the complex is peculiar,
with an overall angle of approximately 8° between the two
ends [£N1---V1---C9 = 8.1(1)°]. Notably, it is surprising that
almost half of this curvature occurs between the two aromatic
rings, where only sp>hybridized atoms are present
[£C1:--N1---C9 = 3.7(1)°]. In the N-oxide complex, the pyridine
and phenyl rings are not coplanar, with a torsional angle of
26.90° between their planes. In contrast, the rings in the V(i)
complex are coplanar, although elevated atomic displacement
parameters (ADPs) for atoms C15, C18, C20, and C21 suggest
small rotational freedom around the N1---C1 axis. Finally, the
VO(acac), complex lacks efficient n-n stacking interactions
(Fig. S3bt), which can be explained by the average distance
between the stacked ring systems, which is incompatible with
strong n-n interactions. This may be due to the absence of the
oxygen bridge between nitrogen and vanadium and the par-
ticular configuration of the acetylacetonate chains (Fig. 2).

The UV-Vis diffuse reflectance spectrum of the VO(acac),
complex with 4-phenylpyridine shows two distinct absorption
maxima: one at 443 nm and the other at 557 nm (Fig. S547).
The first can be attributed to LMCT-type transitions, ie.,
charge transfer from the ligand to the metal, while the second,
weaker signal, corresponds to d-d-type transitions, which are
typical of vanadium(iv) complexes. The presence of these
bands confirms that vanadium is in the +4 oxidation state and
suggests that the complex retains partial symmetry. For
niobium(v) and tantalum(v) complexes, the situation is
different — their spectra in the visible range are much less
complex. The lack of clear signals above 350 nm indicates that
d-d transitions do not occur, which is consistent with the elec-
tron configuration of d° for Nb(v) and Ta(v) (Fig. S541). The
weak band that appears between 200 and 350 nm can be
attributed to LMCT transitions, e.g. from ligands such as Cl-.
The absence of intense bands in the visible part of the spec-
trum indicates the simpler electron structure of niobium and
tantalum complexes compared to that of vanadium.

2.2. Ethylene polymerization and ethylene/1-octene
copolymerization

In the first step, the vanadium complex [VO(acac),(4-phenyl-
pyridine)] was evaluated for ethylene polymerization and ethyl-

Fig. 2 SC-XRD model (red, model 1) and in silico geometrically opti-
mized model (blue).

This journal is © The Royal Society of Chemistry 2025
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ene/l-octene copolymerization under specified conditions
(0.3 umol V, Al/V = 3000, ETA/V = 200, 60 °C). With Et,AlCI as
an activator, it showed high polymerization activity (68 600 kg
mol (V) h™"). Addition of 1-octene comonomer reduced cata-
Iytic activity but enhanced comonomer incorporation (up to
22000 kg mol (V) h™") and 4.6 mol% for 0.3 mol dm™> of
1-octene while lowering polymer melting points (135 °C to
112 °C) and crystallinity (65.8% to 38.2%). The molecular
weight decreased with rising 1-octene content, indicating
chain transfer to comonomer. Using EtAICI, increased catalyst
activity and enabled higher comonomer incorporation
(7.9-9.6 mol%), producing copolymers with lower crystallinity
and melting points (101-108 °C) (Table 2 and Fig. S9-S207).
Moreover, produced copolymers are characterized by narrow
(Mw/M,, = 1.60-3.32) and monomodal molecular weight distri-
bution, and they contain only isolated octene units between
the ethylene blocks (Fig. S21, S541 and Fig. 3). The observed
increase in catalytic activity compared to known V(iv) precata-
lysts can probably be attributed to enhanced intramolecular
charge transfer, enhanced crystal field strength and increased
electron density in the vicinity of the V(v) ion, resulting from
the presence of 4-phenylpyridine as a ligand. The formation of
a coordination bond with this aromatic donor promotes
efficient electron transfer from the d orbital to the = orbitals of
the ligand, leading to favorable charge separation and lowering
the energy of the donor levels.

Niobium(v) and tantalum(v) catalysts activated by Et,AlClI or
EtAICl, exhibited low activity 58.5-708 kg mol (V) h™". EtAICI
led to lower molecular weight polymers, while EtAICl, pro-
duced ultra-high molecular weight polyethylene up to 1.6 x 10°
g mol™" (Table 3 and Fig. S22-S367). Increasing Al/Nb(Ta)
ratios boosted yield but reduced molecular weight, while lower
reaction temperatures increased polymer molecular weight.
Regardless of conditions, all synthesized polyethylenes were
linear, with high melting temperatures (136-138 °C) and quite
narrow molecular weight distributions (M,/M, = 2.13-3.99).
Niobium(v)- and tantalum(v)-based catalysts had lower activity
in copolymerization than in ethylene homopolymerization,

paeas 3 :o§g &8 8 2
28/10/24 I ‘ L d ! |
3+4Bs
o +6Bg | B+5Bs
| ! ZBG le
br 3B Y
] \ \..,v’b L\_,J\ l l

R e e e e R e e e e L
44 4 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12
f1 (ppm)

Fig. 3 *C{"H} NMR spectrum of the copolymer produced by VO
(acac),(4-phenylpiridyne)/EtAICl, (D-16-24).
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Table 3 Results of ethylene homo- and copolymerization catalyzed by niobium and tantalum catalysts

Nb(Ta) Temp. Al/Nb(Ta) ETA/Nb(Ta)  Yield 1-Oct™R?2 € Xc¢ M,°

Entry Cat. (pmol)  (°C) Activator (molar ratio) (molar ratio) (g) A% (%mol) (°C) (%) (gmol™) My/M,?
Nb-1 Niobium 0.5 60 Et,AlCl 2000 200 0.118 708 — 138 61 678 000 2.70
Nb-2 1 60 Et,AlCI 2000 200 0.122 366 — 136 61 548 800 3.07
Nb-3 1 60 EtAICl, 2000 200 0.043 129 — 136 49 1599800 3.12
Nb-4 1 60 Et,AlCl 4000 200 0179 537 — 138 63 416 500 2.75
Nb-5 1 40 Et,AlCl 4000 200 0.150 450 — 138 59 704 400 2.16
Nb-6° 1 60 Et,AlCI 4000 200 0.160 480 2.2 122 44 268 500 2.39
Nb-8/ 1 60 Et,AlCl 4000 200 0.023 69 2.8 119;129 39 370900 3.88
Ta-1  Tantalum 1 60 EtAICI, 2000 — Traces — — — - = —
Ta-2 1 60 EtAICl, 2000 200 0.025 75 — 137 54 927 700 3.99
Ta-3 1 60 Et,AlCI 2000 200 0.094 282 — 138 63 387100 2.39
Ta-4 1 60 Et,AlCl 4000 200 0.202 606 — 137 63 335900 2.13
Ta-5¢ 1 60 Et,AlCl 4000 200 0.050 150 2.6 123 42 184300 2.01
Ta-6 0.5 30 Et,AlCl 8000 400 0.060 360 — 138 56 363200 2.75
Ta-7 2 60 Et,AlCI 2000 200 0.039 58.5 — 137 60 1032100 2.19

Polymerization conditions: hexane 100 mL, time 20 min, ethylene 5 bar. ® Polymerization activity, kg mol™ h™". ? 1-Octene content in copolymer
determined by FTIR method.** “ Melting point and crystallinity determined by DSC. ¢ Weight average molecular weight and dispersity determined

by HT-SEC. ¢ 2 mL of 1-octene.” 3 mL of 1-octene in the feed.

incorporating 2.2-2.8 mol% of 1-octene. The resulting copoly-
mers exhibited reduced melting points and crystallinities com-
pared to polyethylene.

The conducted studies show that the type of activator used
greatly influences the catalytic activity, and this effect depends
on the central metal. In the case of the vanadium complex, the
use of EtAlCl, activator results in higher catalytic activity
(90 333 kg mol~*(V) h™") than Et,AICI (68 600 kg mol™*(V) h™).
This may suggest that the more electrophilic nature of EtAICl,
promotes a more efficient activation mechanism. A different
trend was observed for niobium and tantalum complexes - in
their case, significantly higher catalytic activity is obtained
with Et,AlCI (708 and 606 kg mol™(V) h™" respectively), while
EtAICl, yields much lower values (129 and 75 kg mol (V) h™).
This indicates that for Nb and Ta, the high electrophilicity of
EtAICI, may limit the efficiency of the formation of active cata-
lytic centers or lead to their faster deactivation. The choice of
activator therefore affects not only the initiation of the reaction
itself, but also the stability and durability of the active center.
Therefore, its optimization should be tailored to the specifics
of a particular transition metal complex. Analyzing the cata-
Iytic activities of the Ta(v) complex, the compound described
in this paper shows 35-24 times higher values of catalytic
activity in ethylene polymerization than tantalum compounds
with ligands such as tris(pyrazolyl)borate.”> On the other
hand, there are tantalum complex compounds with very high
catalytic activities such as (n’>-CsMe,H)Ta(N-‘Bu)Me, which
showed an activity of 1 206 000 kg mol~*(V) atm™" h™".**

The oxovanadium(v) complex with 4-phenylpyridine
described in this paper shows high catalytic activity in ethylene
polymerization. Compared with the VO(acac), complex, this is
a 24-fold increase in catalytic activity in the polymerization of
ethylene, which confirms the significant effect of 4-phenylpyri-
dine on the catalytic properties of the complex.** In the case of
vanadium(wv) salen complexes, this shows about 9-fold lower
catalytic activity.>> The oxovanadium(v) complex compound
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with 4-phenylpyridine has about 2 times higher catalytic
activity than the cyclopentadienyl vanadium(iv) complex.*® In
the case of vanadium(iv) complexes with cyclohexyl groups,
these show about 5 times lower catalytic activity compared to
the complex of oxovanadium(iv) with 4-phenylpyridine. With
the activator in this case being Et;Al,Cl,.*° In the case of tanta-
lum complex compounds with tris(pyrazolyl)borate ligands,
their catalytic activity in ethylene polymerization is 24 to 35
times lower than that of the tantalum compound described in
this report.”> On the other hand, there are also tantalum com-
pounds that show very high catalytic activities such as (n’-
CsMe,H)Ta(N-tBu)Me, which has an activity in ethylene
polymerization equal to 1206000 g mol atm™* h™'.*?
Comparing the niobium(v) complex compound described in
our work with others known in the literature, it can be seen
that it shows 8-15 times higher catalytic activities than, for
example, di- and triphenolate complexes of Nb(v).>**”

2.3. Fabrication and material properties of self-healing
materials based on methyl methacrylate

MMA represents an interesting raw material for the synthesis
of self-healing materials in the construction industry, due to
its ability to rapidly polymerize, as well as its favourable
mechanical properties. Furthermore, its low viscosity allows it
to effectively penetrate micro-cracks, which promotes the auto-
nomous structural regeneration of these materials. The results
of conducted syntheses and products characterization are sum-
marized in Fig. 4, Table S5 (detailed results) and Fig. S37-
S53.%

These findings highlight significant trends in catalytic per-
formance, thermal properties, and molecular weight distri-
bution, reflecting the effects of catalyst type. The activity of the
catalysts, varies significantly across the entries. For V(wv), the T,
peaks at 30 °C for V-PE-30MMA. The T, decreases to 33 °C for
sample V-PE-50MMA, highlighting increased phase separation.
In contrast, the copolymerization products obtained using Nb
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Fig. 4 The relationship between the amount of MMA and Ty, M,,/M,,, and catalytic activity.

(v)- and Ta(v)-based catalysts show less consistent trends, with
T, values decreasing significantly particularly for Ta-
PE-50MMA (12 °C), indicative of greater disruption of the self-
healing matrix.

The molecular weight distribution (M,/M,), indicative of
material uniformity, ranges from 1.01 to 1.39 across all entries.
The samples synthesized with V(iv)-based catalysts exhibit
broader distributions (e.g., 1.39 for V-PE-50MMA), reflecting
increased chain irregularities. Conversely, Nb(v)- and Ta(v)-
based systems display narrower distributions (1.01-1.15),
suggesting more controlled polymerization. This difference
might stem from varying propagation and termination mecha-
nisms influenced by the catalyst’s electronic and steric pro-
perties. Vanadium-based catalyst demonstrates the highest
activity and widest range of thermal and structural properties,
making it the most versatile for tailoring copolymer
properties.

2.4. Rheology and morphology studies of self-healing
materials based on methyl methacrylate

The viscosity curves and flow curves provide insight into the
rheological behavior of the samples at 60 and 70 °C (Fig. 5).
These results highlight the influence of amount of MMA used
for the process on the viscosity and flow properties of the
copolymers under varying shear rates. At both 60 and 70 °C,
the viscosity of the samples decreases with increasing shear
rate, demonstrating shear-thinning behavior typical of non-
Newtonian fluids. The sample V-PE-50MMA exhibits the

This journal is © The Royal Society of Chemistry 2025

highest viscosity across all shear rates, followed by the
V-PE-30MMA and V-PE-20MMA samples. This trend indicates
that higher MMA content increases the molecular interactions
and entanglements within the polymer matrix, leading to
greater resistance to flow. The temperature effect is also
evident, with viscosity values at 70 °C being lower than those
at 60 °C for all copolymers. This reduction in viscosity with
increasing temperature is expected due to the enhanced mole-
cular mobility and reduced intermolecular forces at elevated
temperatures. The difference in viscosity between the copoly-
mers becomes more pronounced at higher shear rates,
suggesting that the influence of amount of MMA used for the
process is more significant under dynamic flow conditions.
The flow curves further confirm the shear-thinning behavior of
the samples, as the shear stress increases non-linearly with
shear rate. At both temperatures, the V-PE-50MMA demon-
strates the highest shear stress at a given shear rate, followed
by the V-PE-30MMA and V-PE-20MMA. This behavior is con-
sistent with the viscosity data, as higher amount of MMA used
for the process leads to increased resistance to deformation
under applied stress. The effect of temperature is again
evident, with lower shear stress values observed at 70 °C com-
pared to 60 °C for all copolymers. This indicates that the
polymer chains are more easily deformed at higher tempera-
tures, reducing the overall resistance to flow. Additionally, the
linearity of the flow curves at higher shear rates suggests that
the copolymers approach a pseudo-Newtonian flow regime
under these conditions. At higher shear rates, all analyzed
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Fig. 5 Panel I: Viscosity curves of the V-PE-20MMA, V-PE-30MMA and V-PE-50MMA at (a) 60 °C, (b) 70 °C. Panel Il: Flow curves of the

V-PE-20MMA, V-PE-30MMA and V-PE-50MMA at (a) 60 °C, (b) 70 °C.

samples showed a tendency to stabilize viscosity, suggesting a
shift to a pseudo-Newtonian flow regime. This behavior may
be related to the molecular structure of the copolymers -
higher MMA content promotes the formation of cross-links
and limits the mobility of chain segments, which in turn
affects the way the material reorganizes under shear stress.
The observed trends in both viscosity and flow behavior can
be attributed to the structural and compositional differences
between the products. Higher amount of MMA used for the
process likely results in increased rigidity and molecular
weight, contributing to the higher viscosity and shear stress
values. The enhanced intermolecular interactions, such as
hydrogen bonding or dipole-dipole interactions, may also play
a role in the increased resistance to flow. The rheological
results shown in Fig. 5 show that increasing the MMA content
of V-PE-MMA materials results in higher viscosity and shear
stress at the analyzed shear rates. This means that the internal
structure of the material becomes a more compact network
that better resists deformation. Particularly clear effects of this
phenomenon can be seen in the V-PE-50MMA sample, where
stronger shear responses were observed. This may indicate
changes in the linear range of viscoelasticity and a shift in
yield stress as the proportion of MMA increases. The collected
data clearly show that the concentration of MMA has a signifi-
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cant effect on the viscoelastic properties of the analyzed
materials.

The rheological analysis reveals that the samples exhibit
pronounced shear-thinning behavior, characteristic of non-
Newtonian fluids, with both viscosity and shear stress being
markedly dependent on the amount of MMA used for the
process and temperature. An increase in amount of MMA used
for the process results in elevated viscosity and shear stress
values, attributed to enhanced intermolecular interactions and
greater molecular chain entanglement. Conversely, higher
temperatures lead to a reduction in these parameters, driven
by increased molecular mobility and a consequent decrease in
resistance to flow. These findings offer critical insights into
the rheological properties of the copolymers, underscoring
their significance in tailoring processing conditions and opti-
mizing their performance in self-healing polymer applications.

The SEM images reveal the morphology of MMA-based
materials synthesized using a V(iv) complex as a catalyst, with
varying amounts of MMA used in the process (20 vol%, 30
vol%, and 50 vol%) (Fig. 6). These images highlight the struc-
tural changes in the copolymers as the MMA proportion
increases, providing insights into the relationship between
composition and morphology. For V-PE-20MMA, the SEM
image at 100-fold magnification shows a block-like structure
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Fig. 6 SEM images for (a) V-PE-20MMA-100-fold magnification on the
right, 2000-fold magnification on the left; (b) V-PE-20MMA-100-fold
magnification on the right, 2000-fold magnification on the left; (c)
V-PE-20MMA-200-fold magnification on the right, 2000-fold magnifi-
cation on the left.

characterized by relatively smooth surfaces and sharp edges.
The blocks appear compact and well-defined, with minimal
porosity or surface irregularities. At 2000-fold magnification,
the surface displays a network of small pores (20-78 pm) and
cavities, suggesting a moderate degree of porosity. The irregu-
larly shaped pores and moderately rough surface texture indi-
cate partial phase separation or incomplete mixing during the
polymerization process. For the V-PE-30MMA the morphology
exhibits a more fragmented appearance compared to the
V-PE-20MMA sample. At 100-fold magnification, the block-like
structures become smaller and less uniform, with rougher sur-
faces and visible cracks. At 2000-fold magnification, the
surface texture appears rougher, featuring a denser network of
pores and voids. These pores are larger and more intercon-
nected, reflecting increased heterogeneity in the copolymer
structure as the MMA proportion rises. At V-PE-50MMA, the
morphology becomes even more irregular and less compact. At
100-fold magnification, the copolymer consists of larger,
loosely aggregated fragments with highly uneven surfaces and
significant roughness. At 2000-fold magnification, the surface
is dominated by a highly porous network with large, irregularly
shaped pores. The pronounced porosity suggests that the
higher amount of MMA used for the process leads to greater
phase separation and structural heterogeneity. The samples
morphology evolves from compact and block-like at lower
MMA proportions to more fragmented and porous structures
as the MMA proportion increases. The increasing porosity and
surface roughness with higher quantity of MMA utilized in the

This journal is © The Royal Society of Chemistry 2025
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process indicate reduced compatibility between ethylene and
MMA during copolymerization. This trend is likely due to
differences in their chemical properties and their interaction
with the V(v) catalyst.

The structure of these complexes strongly affects the
polymerization process and the final morphology of the copo-
lymers. Oxovanadium(iv) complexes with acetylacetonate and
4-phenylpyridine have a stable coordination geometry. This
helps control polymer chain growth and forms tighter net-
works, especially at lower MMA content. Niobium complexes,
due to chloride ions and DMF, create more varied active sites.
This leads to more irregular copolymer morphology, seen in
SEM as higher porosity and finer structures at higher MMA
levels. The tantalum(v) complex shows strong ionic inter-
actions as a multicomponent salt. This creates a more ionic
and branched network. It can increase copolymer stiffness, vis-
cosity, and shear stress during rheology tests. The rheological
and morphological changes (Fig. 5 and 6) match these struc-
tural differences in the catalytic complexes. Higher MMA
amounts, combined with complex geometry, raise chain entan-
glement and intermolecular forces. This results in higher vis-
cosity, stiffness, and resistance to deformation.

2.5. Studies of self-healing properties

The mechanism of self-repair is based on the dynamic nature
of hydrogen bonds, which allow intermolecular networks to re-
form when the structure is broken. In the case of self-healing
materials based on methyl methacrylate, which contain func-
tional groups capable of forming hydrogen bonds, this process
occurs due to interactions between hydroxyl groups, and
dynamic transformation of hydrogen bonds under temperature
and mechanical stress. In self-healing materials based on
methyl methacrylate, hydrogen bonds can form primarily
between the polar groups. The temperature can impact the
strength and number of hydrogen bonds, as higher tempera-
tures may increase the mobility of the molecules, promoting
easier healing through these non-covalent interaction. The
self-healing properties of self-healing materials based on
methyl methacrylate were systematically evaluated under
different conditions on the recovery process (Fig. 7 and 8).
There is no carbonyl group band in the FTIR spectra (includ-
ing the ATR method) of all self-healing materials. There is also
no C=O0 carbon atom signal in the >C NMR spectra (Fig. 7, 8
and S46-537). It is most likely that the synthesis of self-healing
materials results in the formation of the enolic form C-O
instead of C=0.*” In the FTIR spectrum (ATR method) of
polyMMA, the carbonyl group band is at 1728 cm™". Therefore,
both comonomers must be present for such a product to be
formed. The high melting point may indicate polyalcohol and
hydrogen bond type interactions. At 25 °C, the healing time
decreases significantly as the amount of MMA used during the
synthesis process increases. For the V(iv)-catalyzed samples,
the healing time reduces from 4.5 hours in the sample
obtained with the smallest amount of MMA used for the syn-
thesis to 35 minutes in the sample prepared with the largest
amount. A similar trend is observed for Nb(v)- and Ta(v)-cata-
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Fig. 7 Panel I: Dependence of self-healing time on temperature and sample type. The time measured until the gap between the material surfaces
was no longer visible to the naked eye, and after lifting, the material formed a single, cohesive piece without breaking apart. Panel Il: Hardness pro-
perties of materials based on methyl methacrylate. Sample 1 denotes V-PE-20MMA, sample 2 = V-PE-30MMA, sample 3 = V-PE-50MMA, sample 4 =
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PE-50MMA. Panel llI: FTIR spectrum of Nb-PE-30MMA after self-healing process.

lyzed materials. For instance, the healing time decreases from
4 hours in the Nb(v)-catalyzed sample synthesized with the
smallest MMA input to 45 minutes in the sample obtained
with the largest MMA input. These results suggest that using a
greater amount of MMA during the synthesis improves the
healing efficiency at room temperature, likely due to increased
compatibility within the polymeric matrix. At 35 °C, the trend
remains consistent, with samples obtained using a greater
amount of MMA exhibiting shorter healing times. The V(wv)-
catalyzed material synthesized with the largest %vol. of MMA
achieves the shortest healing time (15 minutes), followed by
the Nb(v)- and Ta(v)-catalyzed materials, which both heal in
20 minutes. The reduction in healing time at elevated tempera-
tures suggests enhanced mobility of polymer chains and better
diffusion at the healing interface, particularly in materials pre-
pared with a larger input of MMA. The choice of catalyst also
plays a critical role in determining the healing efficiency.
Across all levels of MMA used, the V(wv)-catalyzed samples
exhibit the shortest healing times, both at 25 °C and 35 °C.
For example, at 25 °C, the V(iv)-catalyzed material synthesized
with the largest MMA input heals in 35 minutes, compared to

9910 | Dalton Trans., 2025, 54, 9901-9913

45 minutes and 50 minutes for the Nb(v)- and Ta(v)-based
equivalents, respectively. At 35 °C, the V(iv)-catalyzed material
maintains its advantage with a healing time of 15 minutes,
highlighting the superior catalytic efficiency of the V(iv) system
in facilitating polymer chain dynamics during the self-healing
process. Nb(v)- and Ta(v)-catalyzed samples exhibit similar
healing behaviors, with slightly longer times compared to
V(wv). However, these systems also show a consistent decrease
in healing time with increasing amounts of MMA used during
synthesis, reflecting their suitability for self-healing appli-
cations, albeit with slightly reduced efficiency. The data reveals
a clear improvement in healing efficiency with increased temp-
erature across all catalyst systems and amounts of MMA used.
At 35 °C, the healing times are substantially shorter than at
25 °C, indicating that the self-healing process is thermally acti-
vated. The enhanced chain mobility and faster diffusion at
elevated temperatures facilitate quicker recovery of the
material’s mechanical integrity. Time-resolved FTIR spectra
(Fig. S551) collected during the first 6 minutes of the self-
healing process show dynamic changes in the absorption
bands, particularly at 3428 cm™' (hydrogen bonding),

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Panel I: Example images of Nb-PE-30MMA. (a) Original sample (obtained after melting in a mold); (b) sample after cutting (damage of a
3 mm thick material); (c) sample after the self-healing process at 35 °C. Panel II: A diagram of the self-healing process in materials based on methyl

methacrylate. *H and *C NMR for materials obtained using V(iv)-catalyst.

2888 cm ™" (C-H stretching), 1967 cm™" and 1596 cm™" (associ-
ated with conjugated systems or carbonyl groups). The pro-
gressive decrease in intensity of the hydroxyl-related band
suggests reorganization and reformation of intermolecular
interactions, confirming the molecular basis of the observed
macroscopic healing.

These findings suggest that samples with higher MMA
input are particularly well-suited for applications requiring

This journal is © The Royal Society of Chemistry 2025

rapid self-healing under mild conditions. The tunable healing
properties, dictated by composition and environmental
factors, could make these materials viable for coatings, protec-
tive films, or functional components in soft robotics or light-
weight structures. Additionally, the robust performance at
slightly elevated temperatures indicates potential for use in
systems exposed to moderate thermal fluctuations. The hard-
ness values of the polymer samples before and after the self-
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healing process, measured using a Shore A Durometer, reveal
the influence of the self-healing process and the varying con-
centrations of MMA (methyl methacrylate) introduced into the
reaction system (20 vol%, 30 vol%, and 50 vol%) on the
mechanical properties of the samples (Fig. 7). The results
show that for the V-PE samples, the hardness decreased
slightly after the self-healing process at 20 vol% MMA, from
89.2 £ 0.7 to 88.5 + 1.7, suggesting a minor loss in mechanical
integrity. However, with higher MMA content, the hardness
increased. Specifically, for 30 vol% MMA, the hardness rose
from 85.6 + 0.5 to 88.0 = 0.9, and for 50 vol% MMA, it
increased significantly from 82.9 + 1.1 to 91.6 + 1.2. This indi-
cates that higher MMA concentrations applied to the process
improve the self-healing efficiency by enhancing the formation
of hydrogen bonds or other interactions that aid in the recov-
ery of the material. In the case of the Nb-PE samples, the hard-
ness showed a more pronounced variation. At 20 vol% MMA,
there was a noticeable decrease in hardness from 93.4 + 0.3 to
86.0 + 0.5, likely due to incomplete recovery of the polymer
network. However, for 30 vol% MMA, the hardness increased
significantly from 85.8 + 0.7 to 92.1 + 0.3, and at 50 vol%
MMA, it rose from 85.1 + 0.8 to 91.9 + 0.8. This suggests that
the self-healing process was more efficient in these samples,
likely due to the formation of more stable hydrogen bonds at
higher MMA vol% in the reagents mixture. For the Ta-PE
samples, the hardness increased in all cases after the self-
healing process. At 20 vol% MMA, the hardness rose from
79.3 + 1.2 to 87.8 + 0.9, at 30 vol% MMA from 76.1 + 0.7 to
89.2 + 1.3, and at 50 vol% MMA from 73.3 + 1.0 to 85.7 + 1.2.
These results indicate that the Ta-PE matrix responds well to
the self-healing process, with higher MMA concentrations in
the reaction mixture contributing to more effective recovery.

Other examples of self-healing materials obtained using
ethylene or MMA have been described in the literature. The
self-healing behavior of ethylene and MMA-based copolymers
aligns with previous studies on various polymer systems utiliz-
ing different healing mechanisms. Ionic crosslinks in EMAA
ionomers,*® dynamic supramolecular motifs in EBA copoly-
mers,*® and thermally reversible Diels-Alder reactions in EVA
copolymers have all demonstrated effective recovery of
mechanical properties after thermal activation.*® Additionally,
microencapsulated healing agents in ethylene-co-methyl acry-
late and ionic interactions in ethylene/norbornene copolymers
facilitate autonomous repair. The findings indicate that higher
MMA content enhances self-healing efficiency, particularly at
elevated temperatures, consistent with trends observed in
other copolymers utilizing dynamic interactions, crosslinking,
or encapsulated healing mechanisms.*!

3. Conclusions

In summary, the study confirmed that the coordination geo-
metry and type of central metal of Nb(v), Ta(v) and V(iv) have a
significant impact on the structure, properties and functional-
ity of polymeric materials. Although the Nb(v) and Ta(v) com-
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plexes belong to the same spatial group, they form completely
different crystal structures — the Nb complex is characterised
by a compact form stabilised by hydrogen interactions, while
Ta builds a layered structure where electrostatic forces and
n---n stacking dominate. An interesting aspect is the presence
of an Nb=0 bond, typical of highly oxidised oxide complexes.
On the other hand, V(iv) complexes, such as [VO(acac),(4-phe-
nylpyridine)], stood out for having the highest catalytic activity
in ethylene polymerisation and copolymerisation with
1-octene, as well as the shortest regeneration time in self-
repairing materials.

The use of these complexes as catalysts allowed precise
control of the mechanical and thermal properties of the result-
ing materials. V(iv) complexes not only increase the efficiency
of the polymerisation process, but also support the ability of
the materials to self-heal, especially under conditions of
increased MMA concentration and elevated temperature. In
comparison, Nb(v) and Ta(v) complexes showed lower activity
and lower copolymerisation efficiency. The results clearly
demonstrate the potential of Nb(v), Ta(v) and V(iv) complexes
in the creation of advanced and adaptive materials for modern
technological applications.
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