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Abstract

Polymers incorporating hydrogen bonding (H-bonding) units have attracted significant attention for their ability to enhance
mechanical properties, including elastic modulus, toughness, and stretchability, owing to the reversible nature of H-bonds.
These interactions can act as apparent crosslinks under small strains and facilitate energy dissipation and network restoration
under large strains or upon stress release. A critical aspect influencing the macroscopic behavior of such materials is the
structural flexibility of the H-bonding motifs. This review categorizes H-bonds into two groups: “rigid” multiple H-bonds,
often characterized by m-conjugated units and structural complementarity (e.g., UPy and nucleobases), which impart
directionality and strong association, and “flexible” multiple H-bonds (e.g., aliphatic vicinal diols), which exhibit various
bonding modes due to conformational freedom and the absence of strong n-conjugation. We discuss how these differences in
structural flexibility profoundly affect the mechanoresponsive behavior of the polymers. This review is specifically focused
on H-bonds within polymers without solvents, thereby elucidating the intrinsic effects of H-bond architecture on material

properties, independent of solvent or small-molecule interactions.

Introduction

Polymers bearing hydrogen bonding (H-bonding) units have
attracted significant attention over the years [1, 2]. In the
small-strain regime, H-bonds in polymers work as apparent
crosslinks, leading to an increase in the elastic modulus.
Moreover, H-bonds exchange in the large-strain region before
covalent bonds start to break, as H-bonds are relatively weak
and reversible. H-bonds dissipate energy prior to the failure of
a material and thereby contribute to high stretchability and
toughness. When the stress is released, the exchange of
H-bonds facilitates the restoration of the polymer network and
its mechanical strength. Furthermore, external stimuli such as
heat can plasticize the material, rendering these polymers
promising candidates for recyclable applications. These
unique properties have the potential to overcome conven-
tional limitations in crosslinked polymer materials, thereby
enabling broader applications across diverse industries.
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H-bonds are -electrostatic interactions between an
electron-deficient hydrogen atom (donor) and an electro-
negative atom (acceptor), such as oxygen (O), nitrogen (N),
sulfur (S), or certain halogens [3]. The strength of H-bonds
is determined by multiple factors, such as the electro-
negativity of the donor and acceptor atoms and various
environmental parameters (e.g., pressure, solvent polarity,
and acidity). Generally, H-bonds are stronger than dipolar
interactions or London dispersion forces, with bond ener-
gies typically ranging from 4 to 15 kJ/mol [4]. The distance
between the donor H atom and acceptor correlates with the
bond strength. H-bonds tend to become increasingly linear
as their strength increases because the arrangement of
H-bonds reaches an energy minimum when the donor
dipole is collinear with the charged point on the acceptor
[4]. The uneven spatial distribution of lone-pair electron
density around the acceptor also influences the direction-
ality [5]. For example, the oxygen atom in a carbonyl group
possesses a lone pair in its sp?-hybridized orbital, which
interacts with the donor within the plane of the R,C =0
group. Consequently, the H-bonds formed between the
carbonyl group and hydrogen are confined to the plane,
reinforcing their directionality. Multiple H-bonding motifs,
such as those found in DNA nucleic acids (i.e., carbonyl
groups and N-H groups constrained within conjugated
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Fig. 1 Chemical structures and a
3D models of typical rigid

H-bonds and flexible H-bonds.

a 2-ureido-4[1H]-pyrimidinone;

b vicinal diols

2-ureido-4[1H]-pyrimidinone (UPy)

cyclic structures), also exhibit similar tendencies, enabling
strong directionality.

Another intriguing characteristic of H-bonds is n-bond
cooperativity. In systems where a functional group with m-
conjugated systems forms multiple H-bonds (i.e., more than
two bonds between a pair of functional groups), the overall
bond energy exceeds the sum of the individual bond ener-
gies owing to resonance and depolarization effects. For
example, in formic acid, H-bonding is associated with an
increase in the C =0 bond length and a decrease in the
C-OH bond length. This additional stabilization arises from
the partial delocalization of n-electrons within a H-bonding
motif composed of conjugated single and double bonds,
thereby establishing an interplay between n-delocalization
and H-bond strengthening [6].

Owing to these characteristics, H-bonds play a central
role in molecular recognition and related processes, such as
self-assembly, self-organization, and self-replication, con-
tributing to the development of supramolecular chemistry
[7]. Lehn first introduced this concept by demonstrating
noncovalent interactions between cryptands and guest
molecules. His work greatly contributed to its establishment
and ultimately earned him the Nobel Prize in Chemistry in
1987 [8]. Multiple H-bonds have proven to be effective
subunits in molecular recognition. Since the late 1980s, the
emergence of supramolecular polymer chemistry, which
combines supramolecular and polymer chemistry, has
advanced materials science [9]. Currently, numerous studies
have reported the unique characteristics of polymers bearing
H-bonds, especially multiple H-bonds. Multiple H-bonds
widely reported in recent studies often feature structural
complementarity and n-conjugated units, with nucleobases
and 2-ureido-4[1H]-pyrimidinone (UPy) serving as repre-
sentative examples. This configuration effectively facilitates
dimer association through n-bond cooperative effects, while
the m-conjugated units impart directionality to H-bond for-
mation by confining the bonds to a specific plane. These
multiple H-bonds, characterized by their rigidity, are
referred to as “rigid” H-bonds in this review (Fig. la).
Meanwhile, the effects of “flexible” multiple H-bonds in
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polymers have also been reported. Flexible multiple H-
bonds, such as those formed between aliphatic vicinal diol
groups, exhibit various stable H-bonding modes because of
their flexible configuration in the polymer chain and the
absence of strong m-conjugated units or complementary
interactions (Fig. 1b) [10, 11]. Although there are far fewer
studies on flexible H-bonds than rigid H-bonds, recent
studies have revealed that differences in their structural
flexibility significantly affect the mechanical properties of
polymers. In this review, we summarize the characteristics
of polymers bearing either rigid or flexible H-bonds and
discuss the effects of the structural flexibility of H-bonds on
the mechanoresponsive behavior of polymers. The studies
introduced in this review are intentionally limited to those
that incorporate H-bonds into solvent-free polymer systems,
rather than gels, and specifically exclude the effects of
solvents that may interact with H-bonding motifs.

Rigid multiple H-bonds

The dawn of supramolecular polymers based on
H-bonds

In the earliest stage of supramolecular polymer chemistry,
researchers aimed to extend polymer chains by incorporating
rigid double and triple H-bonding motifs at the end of the
polymer chain. The effective polymer length increases, which
leads to slower relaxation. Lehn et al. first demonstrated this
concept in 1989 with a self-assembling liquid—crystalline
polymer based on a triple complementary H-bond array
between uracil and 2,6-diaminopyridine [12]. They introduced
these motifs at the termini of nonmesogenic molecules con-
sisting of aliphatic chains. The supramolecular polymer dis-
played a mesomorphic phase in which the triple H-bonded
termini were stacked in a hexagonal columnar manner.
Another breakthrough was Meijer’s development of 2-ureido-
4[1H]-pyrimidinone (UPy) [13]. UPy has H-bond donors (D)
and acceptors (A) in a DDAA sequence that leads to dimer-
ization through self-complementary quadruple H-bonds with a
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high association constant of ~10° M1 in CHCl,. Linear
poly(dimethylsiloxane) oligomers end-capped with UPy drive
end-to-end associations, yielding supramolecular polymers
with greatly extended contour lengths [14]. Dynamic
mechanical analysis (DMA) revealed a rubbery plateau and
substantially prolonged relaxation times. These behaviors
confirm that reversible UPy—UPy dimerization connects two
independent chains together, making them behave as much
longer entities. Since these seminal works, the utility of rigid
H-bond motifs in supramolecular polymer networks has been
recognized, and their integration into diverse polymer back-
bones has been extensively studied [15-18].

UPy

As a UPy-UPy dimer has an extraordinary association
constant, it has been used as a strong reversible crosslink to
prolong the relaxation of polymers and improve their
mechanical properties. For example, Kramer et al. synthe-
sized random polyacrylate copolymers bearing UPy in their
side chains [19]. DMA revealed that higher UPy loadings
elevated the glass transition temperature (7,) and storage
modulus in the rubbery plateau region and substantially
delayed polymer relaxation. Anthamatten et al. synthesized
poly(n-butyl acrylate) bearing either weak H-bonding
motifs such as acrylic acid or UPy [20]. The T, of the
polymers bearing 5mol% of either H-bonding group
increased to a similar extent (ca. -39 °C), whereas the
polymer containing UPy effectively suppressed its relaxa-
tion in DMA. Furthermore, Guan et al. introduced a titin-
inspired, expandable modular crosslink by covalently join-
ing two UPy units into a cyclic motif and embedding it in
poly(n-butyl acrylate) (Fig. 2a) [21]. The T, of the network
polymers, as measured by DMA, was in the range of 0 to 15
°C. With 6 mol% crosslinks, the network exhibited a tensile
strength (om.) of 4.5 MPa and a fracture strain (epreac) Of
0.8, which are approximately seven- and fourfold greater,
respectively, than those of a control network with irrever-
sible covalent crosslinks (6, =0.63 MPa, epeq = 0.19).
These enhancements are attributed to the cyclic UPy pair
repeatedly unfolding and refolding under loading, thereby
dissipating energy while preserving network connectivity.
These studies collectively demonstrate that the binary
association of UPy units can increase the energy barrier for
segmental motion, thereby increasing the relaxation time,
extensibility, and toughness.

Moreover, several groups have reported mechanical
responses that originate from local densification of UPy
motifs in hydrophobic polymer chains. Because the
H-bonded dimer of UPy is rigid and planar, it easily forms
disordered aggregates [22] or, under certain conditions,
crystallites in which the dimers stack regularly [23]. The
emergence of such nanoscale structures is sensitive to the

UPy content [24], arrangement of UPy along the backbone
[25-29], polymer morphology and crystallinity [30], and
chain length [14, 23]. When the UPy units residing in the
aggregated domain begin to organize, they can nucleate in a
crystalline order, altering the mechanical response of the
polymer. This transition is especially pronounced when
urethane or urea moieties, which promote ordered packing,
are introduced near UPy. Under such conditions, nanofibrillar
crystalline phases have been observed [25, 31-33]. Meijer
and coworkers synthesized poly(ethylene butylene) oligo-
mers in which both UPy and urea groups were incorporated at
the chain ends. They first identified a microphase-separated
morphology resulting from the segregation of polar UPy-urea
termini from the nonpolar backbone. Upon cooling, UPy
dimers stack in an ordered manner [25]. Similar behavior was
reported by Ahmadi et al., who systematically varied the UPy
content in poly(n-butyl acrylate-ran-hydroxyethyl acrylate)
with a relatively high molecular weight (M, = 142 kg mol ).
They found that 2-3mol% UPy produced spherical
microphase-separated domains, whereas 4 mol% UPy pro-
moted needle-like supramolecular assemblies [34]. Accord-
ing to the observations of these studies, the mechanism of the
local densification of UPy motifs involves (i) the formation of
disordered UPy-rich domains arising from one-to-one
H-bonded pairs, followed by (ii) the transition to an
ordered crystalline domain through regular UPy stacking as
the local UPy density increases.

Aggregates and crystalline domains formed by UPy units
are known to decelerate polymer relaxation [32, 35]. In a
simple binary association, the quadruple H-bond has a
relatively short lifetime (of course, the lifetimes of single/
double/triple multiple H-bonds are even shorter) and rapidly
exchanges partners, permitting fast stress relaxation. In
aggregated or crystalline domains, however, individual
H-bonds persist far longer, and partner exchange proceeds
only through the cooperative dissociation and association of
multiple dimers, which is a much slower process [36].
Taking advantage of this kinetic trapping, several groups
have developed polymers that deliberately incorporate
aggregated or densely packed UPy domains [37, 38]. We
reported one such design based on the microphase separa-
tion of an ABA triblock copolymer [39]. The short A blocks
contain a high UPy density and thus form spherical hard
domains with ~30 nm periodicity, whereas the long B block
carries only 10 mol% UPy, serving as a surrounding matrix
in which the UPy units are isolated and confined to binary
associations (Fig. 2b). This architecture yields a tough
elastomer with a o, of ~16.3 MPa and an &,y of ~716%.
In a cyclic test in which the elastomer was stretched
to 650% strain (stress > 17 MPa, energy dissipation of
27 MJ/m), the elastomer recovered ~83% of its original
hysteresis in the 2" cycle. The data indicate that aggregated
UPy domains act as strong physical crosslinks that endow
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inspired, expandable UPy
module in polymers [21],
b ABA triblock copolymer with
UPy side groups exhibiting both
soft and hard domains [39], and
¢ stacked chain end bearing both
UPy and urea groups [40]

Fig. 2 Schematics of a a titin- a 0

the network with rubber-like elasticity, whereas the dis-
persed UPy in the soft matrix serves as relatively weak and
transient crosslinks that enhance extensibility and impart
self-recovery. Furthermore, Meijer and coworkers devel-
oped an elastomer by incorporating urea groups in the main
chain and UPy units at the chain ends [31]. Poly(ethylene-
butylene) chains bearing both urea linkers and UPy termini
developed long fibers with estimated widths <7 nm
(Fig. 2c). Differential scanning calorimetry (DSC) revealed
that the material had a melting point (7,,,) of 129 °C, indi-
cating a crystalline phase in the polymer. The polymer
displayed a Young’s modulus comparable to that of an
otherwise identical urea-only analog, yet itS e&peqc Was
approximately four times greater. These observations imply
that nanofibrillar crystalline domains formed through UPy
stacking and urea (or urethane) H-bonding concurrently
curtail segmental motion while improving extensibility.

SPRINGER NATURE

~
LTSRS o

N\.’
o H. N \/
N N \ ;

H ) |

Collectively, the literature featuring polymers incorpor-
ating UPy indicates two trends. First, when UPy units
remain dispersed in the polymer matrix, their rigid quad-
ruple H-bonds behave as physical crosslinks that increase
the extensibility and toughness. Second, if the UPy motifs
further assemble into nanoscale domains, they can add
greater strength because of the slower exchange of H-bonds.
Moreover, the movement of polymer chains is usually
suppressed by strong crosslinks and UPy-rich domains;
therefore, dynamic properties such as self-healing ability are
rarely observed.

Other rigid H-bonding motifs
Rigid multiple H-bond motifs are not limited to UPy. The

DNA base pairs adenine (A)-thymine (T) and guanine
(G)—cytosine (C) form complementary double and triple
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Fig. 3 Chemical structures of a
rigid multiple H-bonds. a, b
Watson—Crick pairing of a:
guanine—cytosine and b:
adenine—thymine. ¢ Hamilton
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H-bonds known as Watson—Crick pairings, respectively
(Fig. 3a, b). Although DNA base pairs form a dimer in
several ways, Watson—Crick pairing is the dominant bind-
ing mode in which all donors and acceptors lie in the same
plane. Although their planar, n-conjugated heteroaromatic
rings enhance bond stability, their association constants in
CHCl, are only ~ 102 M?! for A-T and 10*-10°> M for
G-C, which are considerably lower than that of the UPy
quadruple H-bond [40]. Various studies on polymers
incorporating such base pairs have been reported, but these
studies have focused mainly on solutions or gels [40, 41].
Notably, Jiang et al. grafted G-C motifs into poly(-
dimethylsiloxane) [42]. The 7, of the backbone polymer is
low (ca. -125 °C), which enables the movement of the
polymer network. The material displayed an épeq of ~225%
and a oy, of ~0.17 MPa.

In addition, even more robust multiple H-bond motifs
have been devised, such as the Hamilton receptor-
barbiturate complex (Fig. 3c) [43, 44], oligoamide-based
linear arrays [45], and bis-ureido naphthyridines [46], all of
which can generate sextuple H-bonds [47, 48]. These
functional groups exhibit exceptionally high association
constants (up to 10° M1 in CHCI, [45]), yet their poor
compatibility with common polymer backbones makes it
difficult to incorporate them into polymers with high
molecular weights. Even when incorporation is achieved,
characterization and processing are often troublesome [49].
As a consequence, successful integrations of sextuple
H-bonds in solvent-free polymer systems are rare. One

notable example is the work of Dalcanale and coworkers
[50], who grafted 1-(7-oxo-7,8-dihydro-1,8-naphthyridin-2-
ylyurea (ODIN), shown in Fig. 3d, as a pendant group onto
crystalline low-density polyethylene (LDPE). ODIN pre-
sents a DDADA H-bond pattern in which the terminal
acceptor engages two donors to create a sixfold H-bond
ensemble. The bulky motif grafted onto the polymer
backbone hinders crystallization of the main chain, reducing
crystallinity and 7,,. LDPE lacking ODIN exhibited a o«
of 12MPa, whereas the incorporation of 2mol% ODIN
increased the 6., to ~15 MPa. However, further increases
in the ODIN content produced little additional gain. Addi-
tionally, the highest Young’s modulus (~ 16.5 MPa) was
observed for neat LDPE, presumably because extensive
ODIN incorporation disrupted the crystalline packing of the
polyethylene backbone.

H-bond network formation by rigid multiple
H-bonds

Thus far, our discussion has focused on rigid, binary mul-
tiple H-bonds. In segmented polyureas and polyurethanes,
however, an H-bonding motif can interact with two or more
adjacent motifs oriented in different directions, giving rise
to a continuous H-bonded network. A typical example is
urea groups, which contain two H-bond donors and one
acceptor, forming double H-bonds. Because the donors and
acceptors point in opposite directions while the donors,
acceptors, and carbonyl n-systems lie in one plane, the urea

SPRINGER NATURE



R. Tajima et al.

units assemble into an extended ladder-like array. When
such polar units are incorporated into a nonpolar backbone,
local phase separation of the H-bond motifs appears to be
driven by the collective effect of the polarity contrast
between H-bonding motifs and the polymer backbone, the
formation of H-bonds, and the thermodynamic stabilization
afforded by the ordered array [51-54]. The resulting hard
domains markedly reinforce the polymer. Increasing the
urea content systematically increased the stiffness and oy«
while reducing ep.,x. However, recent studies have shown
that some polymer backbone designs of polyurethane help
overcome this trade-off. Bao et al. copolymerized poly-
propylene glycol (PPG) with 4,4’-methylenebis(phenylurea)
(MPU), as shown in Fig. 4a, in which MPU accounted for =
38 wt% of the material [55]. Two-dimensional SAXS/
WAXS revealed that the unstretched copolymer was
amorphous, whereas stretching induced orientational
ordering of H-bonds, which was not driven by backbone
crystallization but by stretch-induced crystallization of the
aligned H-bond ladder. The material achieved a o, of
70 MPa and an ey of 500%, combining high strength
with extraordinary toughness. Upon heating, the chains and
H-bonds contract to their initial disordered state. Zhao et al.
synthesized polyureas by condensing isophoronediamine
(IPDA) with trioxa-1,13-tridecanediamine (TTD) at various
ratios and evaluated their mechanical properties [56].
TTD-TTD interactions readily form strong, ordered H-
bonds, whereas IPDA-rich sequences generate weaker,
disordered H-bonds. The DSC results revealed that with
increasing TTD/IPDA ratio, the T,, decreased and then
disappeared at some point, indicating that the material
transformed from semicrystalline to amorphous. The TTD-
only polymer was semicrystalline and brittle, but the
copolymer containing both IPDA and TTD in equal pro-
portions displayed phase separation and balanced proper-
ties, with o, = 6.6 MPa and éepeqx = 1073%. This polymer
also demonstrated self-healing ability. When the dumbbell-
shaped sample was cut into two separate pieces followed by
reattachment, > 92% of the strength was recovered after
24 h under ambient conditions (30 °C). Taken together with
other studies [57-60], these examples show that ladder-type
H-bond networks formed by urea (or urethane) groups

Fig. 4 Chemical structures of
H-bond networks made from
a 4,4"-methylenebis(phenylurea)

a
i
and b Janus-faced H-bonding Risy )k N N

group H H

i
R
'\T*T
H H

4,4'-methylenebis(phenylurea) (MPU)
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promote aggregation and, consequently, enhance mechan-
ical performance.

Rigid H-bond networks can also be built from motifs beyond
urea. Sumerlin et al. incorporated a Janus-faced G—-C base (GCB,
Fig. 4b) into poly(butyl acrylate) [61]. GCB, first reported by
Sanjayan et al [62], provides triple H-bond sites on both faces,
enabling the formation of a H-bond network rather than simple
binary H-bond crosslinks. Sumerlin et al. revealed that as the
GCB content increased, the storage modulus increased, as a
random copolymer containing 15 mol% GCB exhibited a rub-
bery plateau from —50 °C to above 200 °C. The data indicate
that the rigid, multivalent GCB network effectively suppresses
chain mobility and shifts relaxation to much longer timescales.

Challenges and outlook of rigid H-bonds

Multiple H-bonds have been shown to (i) retard polymer
relaxation by end-linking the oligomer and increasing the
effective polymer length, (ii) enhance the mechanical
properties (Young’s modulus, oy, and épe,r) by adding
additional crosslinks, and (iii) improve the dynamic per-
formance (toughness, self-recovery, and self-healing) by
reversibly exchanging the bonds. Owing to their high
association constants and planar binding geometry, they
further strengthen materials by driving the formation of H-
bond-rich domains. The dissociation of H-bonds in the
domain is highly suppressed; therefore, the existence of the
domain restrains chain movement, resulting in remarkable
mechanical strength. However, several limitations can be
seen as well. First, H-bonds with high association constants
often suffer from immiscibility with the hydrophobic
polymer backbone [40, 42, 45, 49]. The polar functional
groups are likely to aggregate in the polymer throughout
synthesis, purification, and characterization, making the
polymer difficult to analyze. Even if such motifs are
molecularly dispersed in the polymer matrix, increasing the
H-bond density or placing additional cooperative
H-bonding motifs such as urea or urethane nearby promotes
the appearance of nanoscale domains [23, 34]; thus, even
binary H-bonds face quantitative limits. A previous study
revealed that the emergence of aggregation and crystalline
domains is controllable and can be used as an effective way

H-, .

Ry N
NN LN P P
hooh "

Janus-faced H-bonding group (GCB)



Multiple hydrogen bonds as tools to enhance the mechanical and mechanoresponsive properties of polymers

a _ b g v
5 o
E40 9 — v )‘{" = g b
g 21 kJ/mol '?&;@; &/ i I\»“ "/I " 1’\“ 2
g 20 @ i OH OH OH OH .
o A (2.2)Diol  (2,3)Diol \ .
5, o'W l\
T 180 90 0 9% 18 (RR-G'=—(RRA)-G R TR
0-C-C-O Dihedral Angle (°) | . l 5
“a o
] \ \H\:/‘Z‘ ‘\&f\‘)\r » e =
A 4 b} Y | SO0 Db TN P
y 45 R Frt
: + C
( - Flexible H-bonds: diol Rigid H-bonds: amide

*fr T

(RR-G'/(SS-G' (RRNG'I(S,5)-C
56.5 65.2 kJ/mol

random:
m n
o
o

%::Dv\g

Q- Qj}’y

tac—ta

randol
m
o
N o}
- \ {
12H25 b CiHas

e

OH OH

Fig. 5 a 3D model of the vicinal diol group [10]. 3D model and chemical structures of b vicinal and geminal dimethanol groups [12] and ¢: vicinal

dimethanol and amide groups [78]

to design strong and tough polymers, while H-bond-rich
domains can be vulnerable to thermal changes. Guo et al.
correlated microstructural changes in polyurea with long-
term high-temperature exposure [63]. This study quantita-
tively demonstrated that annealing at elevated temperatures
disrupts the ordered crystalline phase, leading to the sub-
sequent coarsening of irregular aggregates. These changes
ultimately reduce the Young’s modulus to approximately
25% of its initial value. Consequently, even when H-bond-
rich domains are successfully incorporated into polymers,
maintaining the original material strength during practical
use can be challenging. In summary, while rigid multiple
H-bonds offer significant benefits, a key limitation remains
in achieving both remarkable strength and dynamicity
simultaneously.

Flexible multiple H-bonds
Aliphatic diols

To address the challenges mentioned in the previous sec-
tion, we propose that the concept of flexible multiple
H-bonds offers a path forward. This type of H-bonding
group often lacks strong m-conjugated units, allowing it to
form dimers with high spatial freedom and therefore possess
several stable binding modes. These H-bonds remain rea-
sonably dispersed even at high loadings (i.e., they are less
prone to aggregation) because their various binding modes
prevent them from forming an ordered structure. They also
impose minimal constraints on chain mobility, permitting
highly dynamic properties alongside strengthening of the

polymers. The moderate binding strength that comes from
the lack of strong m-conjugated units also allows the poly-
mer to retain good miscibility, making it easier to handle
throughout the synthesis. In this section, we review the
flexible H-bond systems reported to date and their impact
on the mechanical properties of polymers, showing evi-
dence that flexible H-bonds can overcome the key short-
comings of rigid H-bonds.

Our group recently demonstrated that random incor-
poration of two hydroxy groups attached to adjacent car-
bon atoms (vicinal diol units) into poly(1,4-butadiene)
yields a copolymer with exceptional toughness and
autonomous self-healing [10]. A sample containing 20 mol
% vicinal diol groups per C = C double bond displayed no
phase-segregated morphology but achieved oy, = 3.5 MPa
and &ppeq ~ 1,400% without chemical crosslinks. After
fracture, nearly 100% of the original mechanical proper-
ties of the material were recovered by standing at room
temperature for ~3 days. To rationalize these unusual
dynamics, we performed density functional theory (DFT)
calculations on vicinal diol conformations and dimer
structures, using 2,3-butanediol as a model. The two
hydroxy groups possess low rotational barriers, and the
molecule can form several distinct dimers, as shown in
Fig. 5a, with binding energies of 45-65 kJ mol'. Owing to
the flexibility of aliphatic vicinal diol groups, we suppose
that kinetic effects are derived from the frequent inter-
conversion between various dimer modes. When one or
two H-bonds in a dimer of vicinal diol groups are dis-
sociated by a fluctuation of the polymer chain, the vicinal
diol group easily switches to another stable dimer mode.
This mechanism effectively prevents complete disruption
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of the dimer and prolongs its lifetime. In addition, even
after a dimer is completely dissociated, the isolated vicinal
diol group can easily form a new dimer with a different
partner because, for them, the relative spatial arrangement
is of minor importance. Vicinal diol groups have omni-
directionality, which makes reassociation easier. Another
study has shown that, for polymers bearing the same
overall hydroxy content, a vicinally arranged hydroxy
group restricts backbone motion more effectively and
lengthens relaxation times compared with randomly dis-
tributed hydroxy groups [64].

Minor geometric differences also matter. We synthesized
norbornene derivatives carrying two hydroxymethyl groups
(dimethanol groups) in either a vicinal or geminal config-
uration and randomly copolymerized each monomer with a
norbornene matrix via ROMP [11]. DFT calculations pre-
dicted only one stable H-bonded dimer for geminal dime-
thanol, whereas vicinal dimethanol could adopt at least three
distinct dimers, indicating greater conformational flexibility
(Fig. 5b). The copolymers containing 50% dihydroxymethyl
monomer did not aggregate in either case. DSC measure-
ments and rheological tests revealed that the polymer bearing
vicinal dimethanol exhibited a lower 7, and a shorter terminal
relaxation time, indicating that it is less constrained by chain
mobility, and cyclic tensile experiments confirmed its
superior self-recovery. In each of these hydroxy-based stu-
dies, despite their high density, H-bonding motifs are uni-
formly dispersed throughout the matrix. Comparing motifs
that differ in the number of accessible dimer modes shows
that the more flexible vicinal arrangement helps polymers
retain their dynamic properties, as evidenced by their superior
self-healing ability and self-recoverability.

To demonstrate the general superiority of flexible H-
bonds, we compared the mechanical properties of copo-
lymers bearing either vicinal dimethanol groups as flexible
H-bonding units or amide groups embedded within a
cyclopentane ring as rigid counterparts [65]. Owing to
their confinement within the ring structure, the amide
groups in this system are fixed in cis-form, enabling them
to form double H-bonds with a single partner at a time
(Fig. 5c). The H-bonding energy of the interaction
between amide groups was nearly identical to that
observed between vicinal dimethanol groups. The copo-
lymer containing amide groups exhibited a higher
Young’s modulus and ey, than did the copolymer
bearing a similar number density of vicinal dimethanol
groups. To achieve comparable mechanical elasticity, 1.2
times more vicinal dimethanol groups had to be incorpo-
rated into the polymer backbone. When comparing
copolymers with similar Young’s moduli, both materials
exhibited comparable toughness values when stretched to
400%. However, the copolymer with vicinal dimethanol
groups demonstrated superior recoverability in the cyclic
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tensile test. These findings suggest that flexible H-bonds
likely contribute to improved mechanical strength by
increasing their number density while retaining dynamic
characteristics, such as self-recoverability.

Thiourea

The other flexible H-bond motif that might overcome this
trade-off is the thiourea group. Aida and coworkers syn-
thesized self-healing glass made of poly(ether-thiourea)
(TUEG3), in which three ethylene-glycol units serve as
spacers [66]. Whereas the urea analog with the same spacer
(UEG3) is semicrystalline at room temperature because of
the ordered H-bond network, TUEG3 is completely amor-
phous. TUEG3 delivers outstanding mechanical perfor-
mance, such as o,,x =45 MPa, Young’s modulus = 1.4 GPa,
and epeqx = 400%, whereas UEG3 achieves only = 10 MPa,
0.2 GPa, and 13%, respectively. Notably, TUEG3 also self-
heals to full strength after ~6 h at 24 °C, which is below the
T, of TUEG3 (27 °C). A high density of urea groups nor-
mally promotes a crystalline structure due to their ordered
H-bonded network (Fig. 6a), as evidenced by the semi-
crystalline nature of UEG3. In contrast, thiourea possesses
two conformers (trans/trans and cis/trans), as shown in
Fig. 6b, which readily interconvert owing to a low rotational
barrier [65]. Continuous interconversion of these con-
formers generates disordered, diverse H-bonding patterns
that suppress the formation of crystalline domains, pre-
venting excessive restriction of chain mobility. Thus, the
flexible H-bonds between the thiourea groups enhance the
dynamic properties, which is consistent with our studies of
vicinal diol groups. Similarly, several reports have
exploited thiourea to improve the dynamic properties
[67-70]. Fu et al. reported ultrastretchable self-healing
poly(dimethylsiloxane) with urea and thiourea groups [68]
and a composite consisting of poly(urea-urethane) with
partially incorporated thiourea and MXene (two-dimen-
sional transition metal carbide/carbonitride) [69]. Wu et al.
reported self-healing glass made of hyperbranched poly-
mers bearing thiocarbamate groups at the chain ends [70].
Overall, the greater conformational freedom of thiourea
inhibits ordered stacking, preserves backbone mobility, and
promotes dynamic mechanical behavior.

Effects of H-bond flexibility

The studies introduced indicate a clear trend. Because
flexible H-bonds can adopt several binding modes,
they endow polymers with more dynamic mechanical
responses. Similar trends have also been reported in poly-
mer systems crosslinked by reversible metal-ligand coor-
dination [71]. Bao et al. incorporated either Zn(Il) or Ni(II)-
2,6-bis((propylimino)methyl)-4-chlorophenol ~ complexes
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Fig. 6 H-bonding network of urea and thiourea

into poly(dimethylsiloxane). Both exhibit similar associa-
tion constants, but the former demonstrates a rapid ligand
exchange process between two coordination modes at the
Zn(Il) center, whereas the latter shows only single and
planar complex modes. The polymer bearing the Zn(II)
complex showed a high stretchability of up to 2400%,
whereas the Ni(Il) counterpart broke at 20%. These findings
support the fact that the lability of transient bonds affects
the dynamic properties of polymers and align well with
observations related to flexible H-bonds. Although the
effectiveness of the flexibility of reversible bonds has not
yet been fully understood, one plausible origin could be
bond-exchange kinetics.

The correlation between the kinetics of reversible bonds
(e.g., dissociation rate constant) and the relaxation of
polymers has been demonstrated in gel systems with host—
guest interactions, metal-ligand coordination, DNA strands,
and dynamic covalent bonds [72-75]. Craig and coworkers
[76] compared network gels crosslinked via reversible
metal-ligand coordination with Pd(II) and Pt(Il), which
exhibit similar association constants but have dissociation
rate constants that differ by two orders of magnitude. Net-
work gels with slower-exchanging Pt(II) complexes dis-
played viscosities 80—100 times greater than those with
faster-exchanging Pd(Il) complexes, along with markedly
delayed terminal relaxation. Furthermore, DMA data from
the two distinct reversible networks collapsed onto a single
master curve when scaled by the respective dissociation rate
constants, proving that the dissociation rate constant of the
reversible bond governs the relaxation of network gels.

Although these studies employed metal-ligand bonds in
gels rather than H-bonds in solvent-free polymers, they
provide a compelling kinetic analog. Only a few studies
have correlated H-bond kinetics with relaxation behavior in

Thiourea

cis/trans

solvent-free polymers, yet the evidence suggests that kinetic
parameters can govern mechanical performance. Our group
prepared uniform star—polymer networks in which the arm
ends carry amide, hydroxy, urethane, or carboxylic acid
groups that associate through H-bonds. DFT calculations
revealed that, among them, hydroxy and urethane groups
have comparable H-bonding energies [77]. In contrast, the
activation energies for backbone relaxation, which are cal-
culated from the terminal relaxation of the polymer, are
greater for the urethane system. Both polymers exhibit
similar Young’s moduli, but cyclic tensile tests reveal
markedly lower hysteresis for the hydroxy-terminated
polymer. We attribute this to the lower energy barrier for
bond reformation in the hydroxy group, which enables
faster recovery of H-bonds during each loading cycle.
Probing H-bond kinetics in solvent-free polymers is
intrinsically difficult due to two main reasons: (i) Although
indirect methods, such as stress-relaxation measurements,
DMA, and broadband dielectric spectroscopy, are available
for analyzing the kinetics of polymer chains bearing
H-bonding groups, a direct method to observe the kinetics
of H-bonding groups alone in solvent-free polymers is still
in development. Most spectroscopic techniques capable of
capturing fast bond exchange operate in solution, and they
rarely monitor solvent-free polymers at sufficiently short
time scales. (ii) Determining kinetic parameters requires a
well-defined “state jump” (temperature, pH, strain, etc.), yet
imposing such perturbations instantaneously and homo-
geneously throughout solvent-free polymers is challenging.
Consequently, past analyses of H-bonded polymer networks
have likely focused on thermodynamic aspects, which favor
rigid and highly stable H-bonding motifs. A deeper under-
standing of bond dynamics, however, is essential for further
advances in the strength and functionality of polymers.
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Moreover, the bond dynamics are influenced by the for-
mation of microphase separation and the crystalline phase.
As the incorporation of both rigid and flexible H-bonds
seems to disrupt an ordered structure formed via rigid
H-bonds [68], further discussion on the influence of the
structural flexibility of H-bonds on the formation of
aggregates and crystalline phases should be addressed.
Systematic investigations of flexible H-bonds will clarify
how kinetic factors shape macroscopic mechanical proper-
ties in contrast to their rigid counterparts and thus represent
a highly valuable direction for future research.

Conclusion

This review systematically explores the role of multiple
H-bonds in the design of the mechanical and mechan-
oresponsive properties of polymers. A clear distinction is
drawn between rigid H-bonds, characterized by high direc-
tionality that often leads to local densification of H-bonds,
and flexible H-bonds, distinguished by conformational flex-
ibility and multiple binding modes that enhance dynamic
characteristics such as toughness and self-recovery. While
rigid H-bonds are invaluable for developing materials with
significant strength, they often present challenges concerning
processability and the suppression of dynamic responses such
as self-healing and self-recovery under ambient conditions. In
contrast, flexible H-bonds offer a compelling strategy to
address the inherent trade-off between mechanical robustness
and dynamic behavior. The ability of these adaptable motifs
to maintain network integrity through rapid and versatile
bond exchange without the formation of H-bond-rich
domains is fundamental to achieving polymers that are
simultaneously strong and dynamic. In future research, we
will investigate the kinetics of these flexible H-bonds within
solvent-free polymer systems. A comprehensive under-
standing of the interplay among H-bond flexibility, H-bond
exchange dynamics, and the resulting macroscopic mechan-
ical properties will be crucial for the rational design of
advanced polymeric materials that seamlessly integrate
exceptional strength with sophisticated dynamic functional-
ities, thereby unlocking new applications across a broad
spectrum of technological domains.
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