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Synthesis of Macro-rotaxanes via Direct Trapping of Multicyclic
Poly(n-butyl acrylate) in a Cross-linked Network

Kotaro Ibe,® Yamato Ebii,> Minami Ebe, Kazushige Suzuki Takayuki Kurokawa,© Takuya
Yamamoto,? Feng Li, Takuya Isono,>" Toshifumi Satoh®de*

Macro-rotaxanes, in which both the linear and cyclic components are polymers, remain largely unexplored in terms of their
formation and potential material applications due to the synthetic challenges associated with cyclic polymers. In this study,
macro-rotaxane formation was investigated by means of the photoradical polymerization of n-butyl acrylate (BA) and a
cross-linker in the presence of multicyclic poly(n-butyl acrylate) (mc-PBA). For this purpose, mc-PBA with different average
numbers of cyclic units (Nring) and cyclic unit molecular weights (Mh ing) Were synthesized via the cyclopolymerization of an
a,w-dinorbornenyl-functionalized PBA macromonomer. Subsequently, polymer networks incorporating mc-PBA were
prepared and the trapping efficiency of mc-PBA within these networks was evaluated. The fraction of mc-PBA trapped within
the macro-rotaxane increased with increasing Niing and Mh ring. Additionally, dynamic viscoelastic measurements revealed
that the incorporation of mc-PBA enhanced the damping properties of the resulting PBA networks. Notably, these properties

were retained even after the removal of untrapped mc-PBA by solvent washing, demonstrating that mc-PBA functioned

effectively as a non-leaching additive.

Introduction

Rotaxanes are supramolecular in which a linear molecule
penetrates a cyclic component and is stabilized in the presence
of bulky stoppers (Figure 1a). Owing to the presence of such
mechanical bonds, rotaxanes exhibit molecular mobility that
cannot be achieved through covalent bonding, thereby
reflecting one of their most distinctive features. By exploiting
the mobility of the cyclic component, rotaxanes have been
extensively studied for applications in molecular machines'—3
and drug delivery systems,*® with interest in these structures
recently extending to polymer materials. In particular,
topologically cross-linked polymers incorporating rotaxanes as
movable cross-linking points have emerged as an effective
strategy for enhancing the mechanical properties of
conventional materials owing to their superior stress dissipation
capability.”®
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Various strategies for constructing rotaxanes have been
reported, most of which employ small cyclic molecules, such as
crown ethers9-12 or cyclodextrins,'3-1> as cyclic components.
For example, Stoddart et al.’® demonstrated that rotaxanes can
be formed by exploiting ion—dipole interactions and hydrogen
bonding between crown ethers and ammonium-containing
linear components. Additionally, Harada et al.2® established a
method in which hydrophobic interactions between
cyclodextrins and linear components serve as the driving force
for rotaxane formation (Figure 1b). In principle, the self-
assembly of cyclic and linear components to form
pseudorotaxanes, which are precursors of rotaxanes, is
entropically unfavorable. Thus, strong intermolecular
interactions, including ion—dipole interactions, hydrogen
bonding, hydrophobic interactions, or m—rn stacking,°71° are
indispensable as driving forces in (pseudo)rotaxane formation.
Consequently, the accessible combinations of cyclic and linear
components remain limited.

Our group recently investigated a new class of rotaxanes,
termed macro-rotaxanes, in which both the linear and cyclic
components consist of polymers. In contrast to small-molecule-
based rotaxanes, macro-rotaxane formation does not require
specific intermolecular attractive interactions to generate the
pseudorotaxane, which is expected to allow a broader range of
combinations of cyclic and linear components. When both the
linear and cyclic components are composed of the same
polymer, the linear component spontaneously threads through
the polymer ring, resulting in the formation of a pseudomacro-
rotaxane. Such spontaneous threading has been supported by
both experimental?®2! and computational studies.??2 From an
experimental perspective, it was demonstrated that the
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addition of a small amount of linear polystyrene (PS) to cyclic PS
leads to a substantial increase in viscoelasticity, indicating that
cyclic PS acts as a dynamic cross-linking point through threading
with the linear PS.2° In another study,?® the possibility of
pseudomacro-rotaxane formation using a linear polymer in
combination with a monocyclic polymer was experimentally
suggested using small-angle neutron scattering. Moreover,
computational studies based on molecular dynamics
simulations further demonstrated that blends of cyclic and
linear polymers exhibit a negative Flory—Huggins interaction
parameter, indicating that pseudomacro-rotaxane formation
could occur spontaneously.??

The threading structures generated from cyclic and linear
polymers have been discussed historically in terms of
“topological trapping.”?*3° For instance, Semlyen et al.?*
reported that up to 94% of monocyclic polydimethylsiloxane
(PDMS) molecules were trapped within a polymer network via
the cross-linking of end-functionalized PDMS chains.
Additionally, Waymouth et al.?> performed the radical
polymerization of 2-hydroxyethyl methacrylate in the presence
of monocyclic poly(alkylene phosphate), revealing that 36% of
the cyclic polymer was incorporated into the resulting network.
These networks satisfy the structural requirements for a
rotaxane architecture, wherein the cross-linking points serve as
the stopper to produce macro-rotaxanes. Although such macro-
rotaxanes have been realized in practice, studies have primarily
focused on assessing the presence and formation efficiency of
cyclic polymers, and their potential as functional material
components remains largely unexplored. This stems from the
fact that previous studies have primarily focused on developing
cyclic polymer synthesis methods rather than investigating the
material properties.

Our group previously reported a cyclopolymerizatiQn appreagh
for the facile synthesis of various welPdéfinedd/AeaHieyelic
polymers, in which linear macromonomers functionalized at
both ends underwent successive reactions to generate multiple
rings in a single step.3! This method relies on ring-opening
metathesis polymerization (ROMP) initiated by a third-
generation Grubbs catalyst (G3), which serves as the
ring-forming process. Specifically, a, w-
dinorbornenyl-functionalized linear polymers were employed
as macromonomers, and ROMP conducted under high-dilution
conditions promoted alternating intramolecular cyclization and
intermolecular propagation to afford well-defined multicyclic
architectures. This approach was applicable to a wide variety of
polymer species, including poly(L-lactic acid), PDMS,3? and PS.33
Furthermore, by combining this facile cyclopolymerization
approach with topological trapping based on the cross-linking
of linear polymers, our group demonstrated that macro-
rotaxanes can be efficiently formed when multicyclic PDMS
(mc-PDMS) is employed as the cyclic component (Figure 1c).32
These results provided concrete experimental validation of the
macro-rotaxane concept. Remarkably, mc-PDMS exhibited
superior efficiency in macro-rotaxane formation compared with
its monocyclic counterpart. Additionally, using coarse-grained
molecular dynamics simulations, Hagita et al.3* demonstrated
that the extent of linear polymer threading increased from
monocyclic to bicyclic and tricyclic polymers.3* Beyond the
fundamental interest in macro-rotaxane formation, the
resulting networks were useful as damping materials, as the
cyclic components relaxed independently from the cross-linked
network. Furthermore, the macro-rotaxanes composed of mc-
PDMS toughened the polymer network.3> These reports
demonstrate the advantages of multicyclic polymers as cyclic
components for macro-rotaxanes. However, despite such
advances, the formation of macro-rotaxanes using multicyclic
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rotaxane formation. (c) Example of macro-rotaxane formation via the cross-linking of linear polymers.

2| J. Name., 2012, 00, 1-3

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6py00144k

Open Access Article. Published on 31 March 2026. Downloaded on 4/1/2026 2:18:17 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

==l Polymer:Chemistry-|-/1: 1

Journal Name

(a) Synthesis of mc-PBA via cyclopolymerization

ARTICLE

View Article Online

R -
o D\/\DWO\/.}, G3

rs 2
(- X c3 U

\k DH\E coordination
\ NB-PBA-NB MJ
cyclization

Intermolecular
propagation,

P ~ o~ DOI: 10.1039/D6PY00144K
Ao \1 xo ¥°
termination %{
%0\4/
mc-PBA
My, g = 10-32K, Nyipg

n.fing

(b) Macro-rotaxane formation via photoradical polymerization
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Figure 2. (a) Synthesis of mc-PBA via cyclopolymerization. (b) Macro-rotaxane formation via photoradical polymerization of BA in

the presence of mc-PBA.

The aim of the current study is therefore to extend the scope of
this cyclopolymerization approach to the formation of macro-
rotaxanes using a method distinct from our previous end-cross-
linking strategy, thereby opening additional possibilities for
their application (Figure 2). For this purpose, poly(n-butyl
acrylate) (PBA), a polymer widely used in adhesives and
damping materials, is selected as the model system.
Additionally, a,w-dinorbornenyl-functionalized PBA (NB-PBA—
NB) is used as a macromonomer to synthesize multicyclic PBA
(mc-PBA) with varying numbers of cyclic units and molecular
weights. Thus, mc-PBA-blended PBA networks, in which mc-PBA
is topologically trapped within the cross-linked PBA network,
are constructed via the photoradical polymerization of BA and
a cross-linker in the presence of mc-PBA. Systematic evaluation
of the macro-rotaxane formation efficiency is subsequently
performed to investigate the influence of different molecular
parameters. Furthermore, dynamic viscoelastic measurements
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are carried out to reveal the effects of mc-PBA on damping
properties and as a non-leaching additive to facilitate the
development of materials exhibiting stable performance over
extended periods.

Results and discussion

Synthesis of the macromonomer

NB—PBA—-NB, serving as a macromonomer for mc-PBA, was
synthesized via atom transfer radical polymerization (ATRP) of
n-butyl acrylate (BA), followed by nucleophilic substitution of
the bromo-terminals with exo-5-norbornenecarboxylic acid
(exo-NB—COOH) (Schemes 1(a) and 1(b)).

(b) Nucleophilic substitution
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[
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Scheme 1. Synthesis of (a) Br—PBA—Br, PBA—Br, (b) NB—PBA—NB, PBA—NB, (c) mc-PBA, and g-PBA.
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Initially, dibromo-terminated PBA (Br—PBA-Br) was prepared
via ATRP, targeting a number-average molecular weight (M) of
~10,000. Ethylene bis(2-bromoisobutyrate) (EBBiB), copper(l)
bromide (CuBr), N,N,N',N",N"-pentamethyldiethylenetriamine
(PMDETA), and copper(ll) bromide (CuBr,) were employed as
the initiator, catalyst, ligand, and deactivator, respectively
([BA]o/[EBBIiB]o/[CuBr]/[CuBr,]/[PMDETA] =
224:1.00:0.95:0.05:1.10). Polymerization was conducted in a
mixed solvent of anisole and dry N,N-dimethylformamide
(DMF) at 70 °C for 2.5 h under an argon atmosphere (Table 1,
run 1). The M, of the resulting Br—PBA—Br was determined by
proton nuclear magnetic resonance (*H NMR) spectroscopy (Mn,
nMmRr), giving a value of 11,600, while size-exclusion
chromatography (SEC) using polystyrene standards (Mhnsec)
yielded a value of 10,400, with a molecular weight dispersity (D)
of 1.07 (Figures S1 and S2).

Subsequently, NB—PBA—NB was synthesized via the nucleophilic
substitution of Br—PBA—Br with exo-NB—COOH. This reaction
was carried out according to a previously reported method for
the similar end-group functionalization of polyacrylate.3® The
reaction was performed at room temperature in dry DMF for
166 h, employing 1,8-diazabicyclo[5.4.0]-7-undecene (DBU) as
the base ([Br—PBA-Br]o/[exo-NB—COOH]o/[DBU] = 1.0:4.0:4.0,
[Br—PBA—Br]o = 100 g L1; Table 1, run 2). '"H NMR analysis
confirmed the quantitative conversion of Br—PBA—Br into NB—
PBA—-NB, as evidenced by a downfield shift of the chain-end
methine protons from 4.29-3.84 to 5.03—4.90 ppm, together
with the appearance of characteristic norbornenyl olefinic and
bridgehead proton signals at 6.21-6.06 and 3.21-2.88 ppm,
respectively. The expected integration ratios were calculated
for all characteristic peaks of NB—PBA—NB, confirming sufficient
end-group fidelity (Figure S11). Additionally, SEC revealed a
monomodal elution peak both before and after the reaction,
indicating the absence of side reactions and confirming the
selective progression of the desired substitution (Figure S12).
The absolute My, (Mnmais) of the product, determined by SEC
coupled with multi-angle light scattering and viscometry (SEC-
MALS-Visco) was 10,200. For clarity, the polymers were
denoted as Br—PBAjio«—Br and NB—PBAio«—NB, based on the
M mats values of NB-PBA—NB. Furthermore, by varying the feed
ratios of [BA]o/[EBBiBlo/[CuBr]/[CuBr,]/[PMDETA] and [Br—
PBA—Br]o/[exo-NB—COOH]o/[DBU], a series of PBA
macromonomers with different molecular weights (i.e., 19k and

View Article Online

32k) were synthesized, as summarized RPTabIE3D/ParHS034465
Figures S3—S6 and S13-516).

Synthesis of mc-PBA via cyclopolymerization

mc-PBA was synthesized via the cyclopolymerization of NB—
PBA1ok—NB (Table 2, run 1; Scheme 1c). The reaction was
performed under an argon atmosphere in dry CH,Cl, at room
temperature for 3.5 h. To suppress intermolecular reactions and
promote intramolecular cyclization, high-dilution conditions
were employed, with [NB—PBA1o«—NBJ]o = 0.11 mmol L. To
obtain mc-PBAo« containing eight cyclic units, a [NB—PBA;o—
NBJ]o/[G3]o feed ratio of 8:1 was used. Even after completion of
the reaction, no gelation was observed, and only soluble
products were obtained. The SEC profile of the crude product
revealed a shoulder peak in the lower-molecular-weight region
arising from the mc-PBA species containing fewer cyclic units,
which were removed by preparative SEC (Figure S20). The H
NMR spectrum of the purified product showed complete
disappearance of the signals corresponding to the terminal
norbornenyl group of NB—PBA10«—NB (Hg, Hp, 6.21-6.06 ppm; H,
Hg, 3.21-2.88 ppm), while the overlapping broad signals (6.53—
4.61 and 4.36-2.00 ppm) corresponded to protons of the
polynorbornene backbone (Figure 3a), indicating successful
ROMP. SEC demonstrated that the elution peak of the product
shifted to a higher-molecular-weight region compared with NB—
PBA10k—NB (M sec = 48,600, D = 1.16), as depicted in Figure 3b.
Subsequently, the average number of cyclic units (Nring) Was
calculated by dividing the Mn mais value of mc-PBA by that of
NB—PBA—-NB. For NB—PBA10k—NB, the M, mas of mc-PBA was
83,200; therefore, the resulting mc-PBA exhibited an Niing value
of ~8 and was denoted 8c-PBAjok. As reported previously, Nring
can be tuned by varying the [Macromonomer]o/[G3]o feed ratio
during cyclopolymerization. Accordingly, increasing the [NB—
PBA10k—NBJ]o/[G3]o ratio to 48:1 enabled the synthesis of mc-
PBA1ok With a greater Nring (34C—PBA10k; M maLs = 348,300, Dvals
=1.62), as detailed in Table 2 (run 2; Figures S21 and S22).

To systematically evaluate the effects of Nring and the cyclic unit
molecular weight (M ring) on the efficiency of macro-rotaxane
formation, mc-PBAs with different Nying values ranging from 5 to
13 and Mhing Values of 19k and 32k were synthesized and
prepared via the cyclopolymerization of NB—PBA15c—NB and NB—
PBAs,—NB (Table 2, runs 3—6; Figures S23—-S30).

Table 1. ATRP of BA using EBBIB as an initiator,? and subsequent synthesis of NB-PBA—NB?

run sample tl[r:]e Minwvir € M sec bd M, mats BPuais
1 Br-PBA1ok—Br 2.5 11,600 10,400 1.07 - -
2 NB—PBA10k—NB 166 12,000 10,900 1.07 10,200 1.15
3 Br-PBA1oc—Br 7.0 23,400 20,900 1.07 - -
4 NB—PBA15c—NB 161 24,300 21,500 1.08 19,200 1.05
5 Br-PBA3,—Br 13.0 41,900 35,000 1.10 - -
6 NB—PBA3,—NB 138 39,700 37,100 1.10 31,500 1.03
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aPolymerization conditions: Ar atmosphere; solvent, anisole/DMF; [BA]o/[initiator]o/[CuBr]/[CuBr,]/[PMDETA] = 224:1.00:0.95:0.05:1,.1Q {£un, 1)
511:1.00:0.95:0.05:1.10 (run 3), and 770:1.00:0.95:0.05:1.10 (run 5). *Reaction conditions: solvent, dry DMF; temperature) ©t. 1 BYLPBROBY[Pfekos
NB—-COOH]o/[DBU] = 1.0:4.0:4.0 (run 2), 1.0:4.3:4.1 (run 4), and 1.0:4.2:4.1 (run 6); [Br—PBA—Br]o = 100 g L. ‘Determined by *H NMR spectroscopy
performed in CDCls (Figures S1, S3, and S5). “Determined by SEC in THF using PS standards (Figures S2, S4, and S6). ¢Calculated using multi-angle

light scattering.
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Figure 3. (a) 'H NMR spectra of NB—PBA;0«—NB (upper) and 8c-PBAiok (lower) (solvent, CDCls; 600 MHz). The asterisk denotes the
solvent peak. (b) SEC traces of NB—PBA10k—NB (black) and 8c-PBA1oxk (red) (eluent, THF; flow rate, 1.0 mL min~1).

Table 2. Synthesis of mc-PBA?

[MM]o time yield
run sample macromonomer [MM]o/[G3]o M sec® pb M,mats © Dwmais © M ring © Nring?

[mmol L] [h] [%]

1 8c-PBA;0k NB-PBA10c—NB 8:1 0.11 3.5 48,600 1.16 83,200 1.15 10,200 8 69.0
2 34c-PBAjok NB-PBA10c—NB 48:1 0.11 27.0 110,200 1.34 348,300 1.62 10,200 34 50.0
3 12c-PBA1gk NB-PBA19c—NB 15:1 0.10 27.0 108,300 1.40 222,400 1.75 19,200 12 68.0
4 5c¢-PBA3 NB—-PBA3;—NB 4:1 0.07 8.5 118,100 1.39 162,100 1.27 19,200 61.7
5 8c-PBA3 NB—-PBA3;—NB 8:1 0.07 7.5 159,000 1.43 256,100 1.47 31,500 56.0
6 13c-PBAsx NB—-PBA3;—NB 20:1 0.07 25.0 221,700 1.58 403,800 2.38 31,500 13 45.7

9Polymerization conditions: solvent, dry CH,Cl,; temperature, r.t. °Determined by SEC in THF using PS standards (Figures S20, S22, S24, S26, S28,
and S30). “Calculated using multi-angle light scattering. “N;ng was calculated for the obtained mc-PBA using the expression: (Mnmas mc-

PBA)/(Mn,MALS Mn,ring)-
Synthesis of the reference samples

Linear PBA specimens with a high M, content and grafted PBA
were prepared as reference samples for mc-PBA (Scheme 1;
Figures S7-S10, S17, S18, S31, and S32). The linear PBA was
designed to possess an M, comparable to that of mc-PBA. In
contrast, the graft PBA was designed such that the M, of the
graft side chain units was approximately half that (Mn ring/2) of
the cyclic units in mc-PBA, whereas the number of graft units
was set to approximately twice the number of cyclic units
(2Nring). Linear PBA was synthesized via ATRP using a
[BAlo/[EBBiBlo/[CuBr]/[CuBr;]/[PMDETA]  feed ratio  of
5735:1.00:5.69:0.32:6.67, as described above. For the graft
PBA, w-norbornenyl-functionalized PBA (PBA-NB) was prepared
by ATRP using ethyl 2-bromoisobutyrate (EBiB) followed by
treatment with exo-NB—COOH; subsequent ROMP afforded the
desired product. The resulting final products were denoted Br—
PBA;175k—Br and 19g—PBA;s¢ based on their My mais values. For
19g—PBA;sk, the prefix "19g" denotes the average number of
graft units, which was calculated by dividing M, mais by the
corresponding value for the macromonomer.

Synthesis and characterization of the mc-PBA-blended PBA
network

This journal is © The Royal Society of Chemistry 20xx

Using mc-PBA specimens with various Nring and Mp ring Values,
macro-rotaxanes were generated via photoradical
polymerization in the presence of BA, together with ethylene
glycol dimethacrylate (EGDM) as the cross-linker and 2,2-
diethoxyacetophenone (DEAP) as the photoinitiator. The
reaction was carried out in a quartz vessel under ultraviolet (UV)
irradiation (352 nm) at room temperature for 1 h. mc-PBA was
incorporated into a BA/EGDM/DEAP mixture (97:3:1, w/w/w) at
loadings of 20, 40, and 60 wt%. It is anticipated that the PBA
chains formed during radical polymerization thread through the
mc-PBA rings. Subsequently, the cross-linking points, generated
by the copolymerization with EGDM, act as end-capping to
prevent dethreading of mc-PBA, thereby successfully
constructing the target macro-rotaxane. Indeed, a control
experiment without adding EGDM confirmed the dethreading
of mc-PBA and linear PBA (Figure S34). Assuming the successful
formation of the macro-rotaxane, the mc-PBA rings would
remain trapped within the network, even after solvent swelling.
The degree of macro-rotaxane formation was therefore
assessed by determining the fraction of unextracted mc-PBA.
Specifically, Soxhlet extractions with toluene were carried out
for the 60 wt% mc-PBA-blended PBA networks over 4 d. The
soluble fractions obtained by subsequent solvent evaporation
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were assumed to contain both free mc-PBA and the PBA sol
fraction that was not incorporated into the network. To
estimate the sol fraction, the same extraction procedure was
applied to pristine PBA networks prepared without mc-PBA. As
aresult, 61.7 mg of the PBA sol fraction was extracted per gram
of pristine PBA network (average of three independent
experiments). Using this value, the fraction of mc-PBA trapped
in the networks (%Trapped) was calculated to be 20-85%
according to the following equation (Table 3, runs 1-7):

[mg] used i[nmtg]e test [mg]

Mass of
added mc-PBA
[me]

Mass of
Mass of Mass of
(solub\e fraction) - 61_7X[<mc—PBA—b\ended PBA network) - (added mc-PBA)l

(%Trapped [%])={ 1 — X100%

Table 3. Extraction tests performed on 60 wt% mc-PBA, Br—
PBA—Br, and g-PBA-blended PBA networks?

mass of soluble fraction

%Trapped

run additive per 1 g of network
[%]
[mg]

1 - 61.7 £ 8.0 -
2 8c-PBA1ok 337.2 20.4
3 34c-PBA1ok 259.8 41.0
4 12c-PBA1gk 169.2 65.2
5 5¢c-PBAzy« 198.4 57.3
6 8c-PBAzy« 147.4 70.9
7 13c-PBAszak 96.4 84.6
8 Br—PBA;75—Br 456.8 <0.1
9 19g-PBA 15 456.8 <0.1

9Polymerization conditions: Temperature, r.t.; BA/EGDM/DEAP = 97:3:1
(w/w/w); mixture of BA, EGDM, and DEAP/additive = 100:60 (w/w).

Despite sub-quantitative macro-rotaxane formation, the data
demonstrated that threading took place to some extent, with
the efficiency governed by the M ring and Nring values of mc-PBA.
To further confirm macro-rotaxane formation, the same
procedure was applied to the PBA networks prepared in the
presence of 60 wt% Br—PBA175c—Br and 19g-PBA;s, (Table 3, runs
8 and 9). Owing to their acyclic nature, the added PBA chains
are unable to mechanically interlock with the PBA network and
should be completely extracted during solvent swelling. As
expected, Soxhlet extraction revealed trapped fractions of
<0.1% for the Br—PBAi75—Br and 19g-PBAisk-blended PBA
networks. Focusing on the Br—PBA175c—Br- and 5c-PBAsy-
blended PBA networks, it was found that although both
additives had comparable M, values, the added Br—PBA175—Br
was completely extracted, whereas 57.3% of 5c-PBA3x

remained trapped within the network (Table 3, ryps 5.and.8)
Furthermore, despite the similar molecll&t HF¢RAEEAITED HitY
Mhnmats values of the 19g-PBAisk and 8c-PBAsy-blended PBA
networks, 19g-PBAisk was completely extracted due to its
acyclic structure, whereas 70.9% of 8c-PBAs2« remained trapped
within the network (Table 3, runs 6 and 9). These results confirm
that the presence of a cyclic architecture is essential for
entrapment within the network. Therefore, the observed
retention of mc-PBA provides strong evidence for successful
macro-rotaxane formation.

Itis also possible that entrapment of high-molecular-weight mc-
PBA arises from simple physical constraints within the network
lattice rather than the expected macro-rotaxane formation. To
examine this possibility, a series of PBA networks were
prepared containing 12c-PBA;qk (60 wt%) with varying cross-link
densities. This was achieved by systematically altering the feed
ratio of the EGDM cross-linker from 1 to 6 wt%. The theoretical
molecular weights between the cross-linking points (M)
determined by the feed ratio were ~9,800, 3200, and 1,600 for
1, 3, and 6 wt% EGDM, respectively. Subsequently, Soxhlet
extractions were performed on the obtained PBA networks, and
the trapped fraction was evaluated (Table 4, Figure 4a). The
12c-PBA1sk-blended PBA network prepared using 1 wt% EGDM
exhibited a slightly lower trapped fraction (52.2%) than those
prepared using 3 and 6 wt% EGDM, due to the increased
number of network defects caused by the lower cross-link
density. Nevertheless, all three samples exhibited a similar
trapped fraction (52.2-65.2%). In particular, the 12c-PBAig-
blended PBA network prepared using 6 wt% EGDM exhibited a
value similar to that of the network prepared using 3 wt%
EGDM, despite the cross-link density being doubled and the
physical constraints imposed on mc-PBA being significantly
increased. These results confirm that mc-PBA formed macro-
rotaxanes that dominated the trapping behavior within the PBA
network.

To investigate the effect of Ning on the efficiency of macro-
rotaxane formation, the trapped fractions of a series of mc-
PBAs with identical Mn ing values (32k) were also examined
(Figure 4b), revealing an increase in trapping with increasing
Nring (i.e., from 57.3 to 84.6%). Subsequently, to assess the
influence of M ring, the trapped fractions of mc-PBAs with
comparable Nring (8—12) and different M ring values (10k, 19k,
and 32k) were examined (Figure 4c). Again, the trapped fraction
increase with increasing Mhing, demonstrating that macro-
rotaxane formation becomes more efficient with increasing
Nring and M ring Values.

Table 4. Extraction tests performed on 12c-PBA;g-blended PBA networks with varying M. values?

mass of soluble fraction

" BA/EGDM/DEAP %Trapped
run additive M.? per 1 g of network
(w/w/w) [%]
[mg]
1 99:1:1 9,800 115.4+10.4 -
2 - 97:3:1 3,200 61.7+ 8.0 -
3 94:6:1 1,600 345+ 5.9 -
4 99:1:1 9,800 251.8 52.2

6 | J. Name., 2012, 00, 1-3
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Figure 4. Molecular parameters affecting trapping efficiency. (a) Effect of cross-linking feed ratio on the trapping efficiency for the
60 wt% 12c-PBA;g-blended PBA networks. (b) Effect of Niing On the trapping efficiency for the 60 wt% 5c-PBAsz-, 8c-PBA32-, and
13c-PBAsyk-blended PBA networks. (c) Effect of M ring On the trapping efficiency for the 60 wt% 8c-PBAiok-, 12c-PBA1gk-, and 8c-

PBAs,k-blended PBA networks.

Our previous work demonstrated 100% trapping when macro-
rotaxane formation was performed via end-cross-linking of
linear PDMS in the presence of mc-PDMS with Nying and M ring
values of 6 and 26k, respectively. In contrast, in the present
work, the maximum trapped fraction for mc-PBA remained in
the region of 85% even at high Nring and M@ ring values. This could
be attributed to several factors. First, the longer side chains of
PBA compared with those of PDMS may have limited the
network penetration mc-PBA. Indeed, the entanglement
molecular weight (Me) of PDMS37 (M. = 10k) is lower than that
of PBA3® (M. = 32k). Second, photoradical polymerization
inherently produces networks with structural heterogeneity,
such as dangling chains, which can partially form pseudomacro-
rotaxanes rather than true macro-rotaxanes. These factors
reasonably account for the fact that the trapped fractions of the
mc-PBA-blended PBA networks did not reach 100%.
Subsequently, swelling experiments were performed on the
network samples after Soxhlet extraction (Table S1). The 60wt%
5c-, 8c-, and 13c-PBA-blended PBA network samples exhibited
approximately threefold M. compared to the pristine PBA
network. This result indicates that the mc-PBA interferes with
the network formation process, leading to a decrease in the
effective  cross-link density and increased structural
heterogeneity in the PBA network. These findings further
support the observation that the trapped fraction did not reach
100%. On the other hand, a slight decrease in the M. was
observed with the increasing Nring. This trend suggests that, as
the Niing increases, a greater number of network chains are
threaded through the cyclic units, and the mc-PBA may partially
act as additional cross-linking points.

Mechanical properties

This journal is © The Royal Society of Chemistry 20xx

Having established the successful formation of a macro-
rotaxane network, attention was directed toward its damping
performance to demonstrate its unique application potential. In
various fields, such as automotive and construction
engineering, vibration suppression using damping materials is
essential for preventing fatigue failure and mitigating
environmental noise. Liu et al.3° recently demonstrated that the
incorporation of a linear PBA into a PBA network significantly
enhanced its damping properties, giving a tunable effective
frequency range. In this system, the added linear polymer
exhibited reptation behavior in the high-elastic region of the
polymer network, leading to a substantial increase in energy
dissipation. However, such linear additives could potentially
leach out over time, compromising long-term stability. It was
therefore envisaged that mc-PBA could vyield a sustained
damping performance due to topological trapping of the cyclic
units within the macro-rotaxane architecture, effectively
preventing leaching while maintaining the desired damping
enhancement.

Thus, the effect of mc-PBA addition on the damping properties
was investigated by dynamic viscoelastic measurements of PBA
networks containing 20, 40, and 60 wt% 5c-PBAsyc using a
rotational rheometer with  parallel-plate  geometry.
Measurements were performed in the linear viscoelastic region
(v = 0.1%) (Figure S36) and master curves of the storage
modulus (G’), loss modulus (G”), and loss factor (tan §) were
created by time—temperature superposition using a reference
temperature of 25 °C (Figure 5). The tan 6 value is a key
parameter reflecting energy dissipation in the material.
Focusing on the pristine PBA network, a distinct peak in tan
associated with the glass transition was observed in the high-
frequency region, whereas a rubbery plateau region originating
from the cross-linked structure was evident in the low-
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frequency region. In the low-frequency region (w = 0), G’
decreased with increasing mc-PBA content, while tan &
increased. This decrease in G’ was attributed to a decrease in
PBA cross-link density due to the interference of mc-PBA with
network formation and dilution of the PBA network fraction by
the added mc-PBA. In contrast, the increase in tan § was
ascribed to mc-PBA chain relaxation, which enhances energy
dissipation within the network. These results clearly
demonstrate that mc-PBA incorporation improves the damping
properties of the PBA network, irrespective of macro-rotaxane
formation. The increase in tan & upon the addition of this
polymer is consistent with the results reported by Liu et al.,
indicating that linear and cyclic polymers exhibit a similar
energy dissipation effect.

10° 4
10° 4
-
e 107 5
= e Q
= 2 f =
Di0%q o
U] jamtg
1, - 0.1
d Black : pristine
4 ®: G Red :20wt%
102 k| A:G" Blue :40wt% -
- S ‘ : l:‘tan 6I G\rean: ilio W?‘% L 0.01
10" 100 100 100 10

w [rad s7™]
Figure 5. Master curves of G, G”, and tan 6 at a reference
temperature of 25 °C for the pristine PBA network (black), 20
wt% 5c-PBAzz (red), 40 wt% 5c-PBAsy (blue), and 60 wt% Sc-
PBAs,« (blue)-blended PBA networks.

Subsequently, to clarify the influence of Nng on the damping
properties, PBA networks containing a series of mc-PBAs (60
wt%) with identical M, ring values (32k) were investigated (Figure
6a). It was found that tan 6 decreased as Nring Was increased
from 5 to 13, potentially due to the progressive increase in mc-
PBA relaxation time with increasing Nring. To support this
interpretation, viscoelastic measurements were performed on
neat mc-PBA, revealing that the crossover point of G’ and G" in
the terminal flow region shifted toward lower frequencies. This
shift confirms that the relaxation time of mc-PBA increases with
higher N:ing values (Figure 6b). The reduction in tan 6 could also
be related to the increased fraction of mc-PBA trapped in the
network at higher Nying values (%Trapped = 57.3-84.6%). Macro-
rotaxane-trapped mc-PBA is expected to exhibit more strongly
restricted molecular motion than its untrapped counterparts.
Consequently, the fluid-like behavior of mc-PBA is weakened,
leading to suppressed energy dissipation in the network and a
corresponding decrease in tan 6.

Finally, the potential of mc-PBA as a non-leaching additive was
evaluated by examining changes in tan 6 before and after
solvent washing to remove any untrapped mc-PBA. Dynamic
viscoelastic measurements were conducted on networks
blended with 60 wt% 13c-PBAsy, which exhibited the highest

8| J. Name., 2012, 00, 1-3

trapping performance, and with 19g-PBAisk, a contralisample
without cyclic structures. Since the samplés10i$8eP for ekt
extraction were damaged during the process, alternative
samples immersed in toluene for 2 d were employed. The
calculated trapped fractions were 89.8 and <0.1% for 13c-
PBA32« and 19g-PBA;sk-blended PBA network, respectively. As
expected, the 13c-PBAss-blended PBA network exhibited a
similar tan 6 profile before and after solvent washing, whereas
the 19g-PBAisk-blended PBA network showed a marked
decrease in tan 6 after washing (Figure S37). These findings
clearly demonstrate that mc-PBA acts as an effective non-
leaching additive in macro-rotaxane systems.

(a) mc-PBA-blended PBA network

8
10 o . -
15K, - 10
17%(° :
1084 ¥ %
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(b) Neat mc-PBA
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Figure 6. (a) Master curves of G’, G”, and tan & at a reference
temperature of 25 °C for the pristine PBA network (black), 60
wt% 5c-PBAszk (red), 60 wt% 8c-PBAsy« (blue), and 60 wt% 13c-
PBAs2« (blue)-blended PBA networks. (b) Master curves of G’
and G” at a reference temperature of 25 °C for neat 5c—PBA3
(red), 8c—PBAsx (blue), and 13c—PBAs.k (Green).

In addition, indentation tests were performed to investigate the
effect of mc-PBA on Young’s modulus (E) (Figure S38 and Table
S2). The E value was calculated from the initial loading region
based on Hertzian contact theory. The results revealed that the
E decreased upon the addition of mc-PBA, which is attributed
to a reduction in the effective cross-link density. Furthermore,

This journal is © The Royal Society of Chemistry 20xx
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the E was found to depend on both Nring and the My ring Of the
added mc-PBA, indicating that the mechanical properties can be
tuned by the molecular parameters of mc-PBA and its fraction.

Conclusions

Macro-rotaxanes were formed via the photoradical
polymerization of BA and a cross-linker in the presence of mc-
PBA. Unlike conventional approaches based on the cross-linking
of end-functionalized linear polymers, this method allowed the
monomer itself to be used as the solvent and did not require
time-consuming procedures such as solvent casting, thereby
enabling the rapid formation of polymer networks
incorporating macro-rotaxanes. Notably, increasing both Niing
and M ing led to a maximum macro-rotaxane formation
efficiency of 84.6%. The damping properties of the mc-PBA-
blended PBA networks were subsequently evaluated to assess
the applicability of mc-PBA as a functional material. The results
revealed that tan é increased owing to the enhanced relaxation
behavior of mc-PBA compared with that of PBA. Furthermore,
the enhanced tan 6 was retained even after washing with
toluene, demonstrating the potential of mc-PBA as a non-
leaching additive. Overall, this synthetic methodology and
systematic evaluation provide a foundation for extending the
present approach to a wide range of radically polymerizable
monomers for macro-rotaxane formation and functional
material development.
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