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Glassy polymers are extremely difficult to self-heal below their
glass transition temperature (Tg) due to the frozen molecules.
Here, we fabricate a series of randomly hyperbranched polymers
(RHP) with high density of multiple hydrogen bonds, which show
Tg up to 49 °C and storage modulus up to 2.7 GPa. We reveal that
the hyperbranched structure not only allows the external branch
units and terminals of the molecules to have a high degree of mo-
bility in the glassy state, but also leads to the coexistence of “free”
and associated complementary moieties of hydrogen bonds. The
free complementary moieties can exchange with the associated hy-
drogen bonds, enabling network reconfiguration in the glassy poly-
mer. As a result, the RHP shows amazing instantaneous self-healing
with recovered tensile strength up to 5.5 MPa within 1 min, and the
self-healing efficiency increases with contacting time at room tem-
perature without the intervention of external stimuli.
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Intrinsic self-healing polymers are materials capable of repair-
ing mechanical damage through reversible bonding between

molecular chains (1–5). As such, intrinsic self-healing can be
repeated multiple times (6–8), which is superior to extrinsic self-
healing relying on preembedded healing agents (9, 10). The re-
versible bonding generally includes supramolecular interactions
such as hydrogen bonds (7, 11–13), host–guest interactions (14,
15), metal–ligand coordination (16–19) and ionic interactions
(20–22), and reversible covalent bonds such as Diels–Alder re-
actions (6, 23), imine bond (24, 25), disulfide bond (26, 27),
dynamic urea bond (28), and boron ester bond (29–31). Healing
through both types of reversible bonding is actually a physical–
chemical process, in which the cleaved moieties need to find
their counterparts to reform enthalpically favorable bonds, while
the chain segments experience conformational changes and dif-
fusion to reach a new equilibrium state. This physical–chemical
process requires high molecular mobility to accomplish, thus
intrinsic self-healing under room temperature is usually reported
in elastomers and hydrogels (1, 12–14, 19–21, 27, 32). However,
polymers with glass transition temperature (Tg) higher than
room temperature need thermal stimulus (33, 34) or solvent
assistance (25, 35, 36) to heal, which are nevertheless in-
accessible during most practical applications. To date, it remains
a huge challenge to fabricate stiff glassy polymers with self-
healing ability at room temperature.
Glassy polymers show high mechanical modulus and strength,

and thus are widely used as structural materials in aerospace
vehicles, airplanes, automobiles, biomedical devices, and so on.
The high mechanical properties of glassy polymers are closely
related to their frozen network under room temperature. How-
ever, under such state the mobility of polymer chains is severely
restricted. Therefore, the freshly fractured sections of the ma-
terials are difficult to recombine together, i.e., the diffusion of
molecules across the sections are limited and the cleaved moi-
eties cannot reform reversible bonds. Thus, self-healing cannot

take place below Tg. To address this issue, Aida and coworkers
synthesized a class of poly(ether-thioureas) with a large number
of nonlinear zigzag arrays of H-bonded thiourea units (37). Al-
though the polymer is amorphous and has a Tg above room
temperature, its self-healing at room temperature can be achieved
through the slip of hydrogen bonds between molecular chains
under the intervention of external compression force. While this
seminal work points out that self-healing below Tg is feasible for
polymers, a dire shortage of alternative strategies has severely
limited the scope of glassy polymers with room-temperature
malleability.
Hyperbranched polymers differ from traditional linear poly-

mers. They have three-dimensional spatial molecular config-
uration: unique internal structure and abundant external
branching units and end groups. Usually, the internal segments
are highly jammed and thus have low molecular mobility, while
the external branch units and end groups possess a high degree
of mobility (38, 39). Thus, we can envision that a glassy hyper-
branched polymer may manifest mobile external branch units
and end groups, on which if we elaborately introduce the self-
healing complementary moieties, the hyperbranched polymers
may have room-temperature self-healing ability. As a proof of
concept, we fabricated a class of randomly hyperbranched
polymers (RHP) bearing not only primary amine terminals, but
also amide groups and secondary amines on branched chains.
These complementary moieties are able to form multiple hy-
drogen bonds with high density; thus, RHP is a glassy polymer
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with Tg up to 49 °C, tensile strength up to 18.5 MPa, and storage
modulus up to 2.7 GPa at room temperature. We reveal that the
branch units and end groups are highly mobile even in the glassy
state. Moreover, the randomly branched structure of RHP pre-
vents the ordered packing of the molecules, so that a part of the
complementary moieties cannot find their counterparts to form
hydrogen bonds. Due to the mobility of the external structure,
these “free” moieties can exchange with the associated hydrogen
bonds, leading to the reconfiguration of the network structure.
As a result, the fractured RHP can amazingly recover a tensile
strength of 5.5 MPa within 1 min, and the recovered tensile
strength increases continuously at room temperature without the
assistance of external force.

Results and Discussion
We synthesized a series of RHP by one-pot Michael addition
between N,N’-methylene diacrylamide (MBA) and 1,4-butane-
diamine (BDA) at different molar ratios (Fig. 1A). The sche-
matic diagram of synthetic reaction mechanism is shown in SI
Appendix, Fig. S1. The reaction was carried out under mild
conditions (30 °C, 24 h) with quite high conversion ratio (up to
92.1%) (SI Appendix, Table S1). The Michael addition results in
tertiary and secondary amines, which serve as branching points
and chain-extending units, respectively. Because each -NH- of
BDA can react with a CH2 = CH- on MBA and the mole ratio
between -NH- and CH2 = CH- is from 9/4 to 7/4, the RHP
molecules are terminated with primary amine. We synthesize
three RHP materials denoted as RHP-1, RHP-2, and RHP-3,
corresponding to MBA/BDA molar ratios of 1/1.125, 1/1, and 1/
0.875, respectively. When the MBA/BDA molar ratio exceeds 1/
0.875, gelation takes place quickly during the Michael addition
(SI Appendix, Fig. S2), resulting in permanent covalent networks,
which is undesirable for self-healing polymers.

The molecular structure of RHP was examined by Fourier
transformation infrared spectroscopy (FTIR) and 1H NMR. The
results confirm the formation of the RHP molecules through
Michael addition reaction between MBA and BDA (SI Appen-
dix, Fig. S3). Moreover, it is revealed that the different MBA/
BDA molar ratio leads to different percentage of primary amine,
secondary amine, and tertiary amine units in each RHP (SI
Appendix, Fig. S4). Specifically, as the molar ratio between MBA
and BDA increases from 1/1.125 to 1/0.875, the percentage of
primary amine units decreases from 22.8 to 14.6% while that of
tertiary amine units increases from 13.4 to 30.8% (SI Appendix,
Table S2). Such phenomenon is attributed to the increased
proportion of CH2 = CH- at high MBA/BDA molar ratio, which
further consumes the primary and secondary amines on RHP,
leading to a gradual increase in the molecular weight (details
shown in SI Appendix, Table S3). Moreover, we used dynamic
light scattering to demonstrate the molecular size of RHP. The
molecular size of RHP increases with MBA/BDA ratio (SI Ap-
pendix, Fig. S5 and Table S3). Meanwhile, the degree of
branching (DB) also increases, due to the increased fraction of
tertiary amine. The DB value can be calculated by 13C,
1H-heteronuclear single quantum correlation and quantitative
13C NMR spectra (SI Appendix, Fig. S6 and Table S4). The re-
sults show that the DB value increase from 0.16 of RHP-1 to 0.33
of RHP-3.
Since each MBA unit has two amide groups which can form

hydrogen bonds with other amide groups and secondary and
primary amines (Fig. 1C), the density of hydrogen bonds is very
high in the RHP networks, which leads to high Tg of the mate-
rials. Fig. 1B illustrates a schematic diagram of interactions be-
tween RHP molecules. To examine the thermodynamic
properties of the RHP materials, differential scanning calorim-
etry (DSC) measurements were carried out (Fig. 2A and

A

CB

Fig. 1. Design concept and synthesis of RHP. (A) Chemical route to the synthesis of RHP through Michael addition between MBA and BDA at 30 °C (the
reaction details are shown in SI Appendix, Fig. S1). (B) Schematic diagram of interactions between RHP molecules. (C) Multiple hydrogen bonds of RHP
molecules. (Inset) A photograph of RHP-1.
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SI Appendix, Table S3). It is revealed that the Tg values of RHP-
1, RHP-2, and RHP-3 are 37, 42, and 49 °C, respectively, sug-
gesting that they are glassy polymers at room temperature. The
increase in Tg with the increasing molar ratio between MBA and
BDA can be attributed to the larger molecular size and less
terminal groups of RHP-2 and RHP-3. Notably, RHP-1 shows a
high melting point at 122 °C, indicating that there are crystals in
the materials (SI Appendix, Fig. S7). X-ray diffraction (XRD)
measurements show sharp crystallization peaks in RHP-1, while
only a broad peak can be observed in RHP-2 and RHP-3
(Fig. 2B). Therefore, RHP-1 is semicrystalline, and RHP-2 and
RHP-3 are amorphous. The crystallization of RHP-1 is closely
related to the lower degree of branching and smaller molecular
size, which facilitate the ordered arrangement of the molecules
(40). Dynamic mechanical analysis demonstrates that RHP-1 has
the highest storage modulus of 2,721 MPa at 25 °C (Fig. 2 C and
D), due to the reinforcement effect of crystals. Meanwhile, RHP-
3 shows higher storage modulus than RHP-2 at 25 °C, suggesting
that increasing the molecular size and decreasing the number of
terminals can improve the stiffness of the materials. Despite the
difference, the high storage modulus from 1,616 to 2,721 MPa is
comparable to that of most glassy polymers at room temperature
(41–43). Moreover, the transition from glassy state to rubbery
state takes place well above 25 °C (Fig. 2C), which further con-
firms that the obtained materials are in the glassy state at room
temperature.
To study the molecular dynamics of the RHP materials,

broadband dielectric spectrum measurements were performed.
We artificially divide the dielectric relaxation into two regimes:
above Tg and below Tg, because the modes of molecular motion
of RHP are different in these regimes. Above Tg, due to the
presence of strong direct current (DC) conductivity, the di-
electric permittivity and loss of RHP are masked. Hence, we
need another strategy called the dielectric modulus formalism to
distinguish the relaxation process; see details in SI Appendix (44).
The dielectric loss modulus spectra show an obvious relaxation
process (SI Appendix, Fig. S8A), which is assigned to the struc-
tural α-relaxation (segmental motion). The average relaxation

time τ of the α-process obtained from the frequency of maximum
loss modulus is plotted as a function of temperature, which can
be fitted by Vogel–Fulcher–Tammann (VFT) equation, as shown
in Fig. 3C and SI Appendix. By extrapolating the VFT equation
to 25 °C, we find that the average relaxation time of α-process is
in the range from 105 s (RHP-1) to 109 s (RHP-3), as shown in SI
Appendix, Table S5. This result demonstrates that the segmental
motion can hardly take place around room temperature and thus
the material can maintain its structural stability in glassy state.
This result also reveals that the segmental motion does not
contribute to the self-healing process at room temperature.
Below Tg, all dielectric loss spectra of RHP as a function of

frequency show three relaxation processes, as shown in Fig. 3 A
and B and SI Appendix, Fig. S8B. The three processes include
β-relaxation (the local fluctuations of branch chains that include
amino terminals), γ-relaxation (the motions of free amide
groups), and δ-relaxation (the motion of surface terminal amino
groups) (38). To quantitatively analyze these relaxation pro-
cesses, we use a combination of three Havriliak–Negami (HN)
functions (SI Appendix) and a conductivity term to fit the di-
electric loss spectra (Fig. 3B). Average relaxation time of β-, γ-,
and δ-processes of RHP can be extracted from the HN equations
and plotted as a function of temperature, as shown in Fig. 3C.
We can see that the δ-relaxation is fastest, followed by the
γ-process and β process. Moreover, all these three relaxation
modes can take place below Tg. These results prove our as-
sumptions that the external branch chains, functional units, and
terminals of RHP are mobile in the glassy state. Moreover, the
relationship between the average relaxation time and tempera-
ture can be described by Arrhenius equation (SI Appendix), and
the activation energies (Ea) are shown in Fig. 3D. It is clear that
the Ea values of β-, γ-, and δ-processes are quite low (in the range
from 15 to 71 kJ/mol). This is why these relaxation modes can
easily take place in the glass state, which is critical to the self-
healing process below Tg.
The occurrence of β-, γ-, and δ-processes can lead to the re-

organization of hydrogen bonds. To characterize multiple
hydrogen-bonding interactions of RHP, temperature-dependent
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Fig. 2. Thermomechanical properties of RHP. (A) DSC thermograms for RHP on the second heating from −50 to 150 °C at a rate of 10 °C/min. From down to
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FTIR measurement was performed. Obviously, there are two
peaks centered at 1,640 and 1,544 cm−1 at room temperature,
belonging to the hydrogen-bonded amide I band and -NH-
bending, respectively, as shown in Fig. 4A and SI Appendix, Fig.
S9A. Moreover, these two peaks are very broad, indicating
the coexistence of multiple hydrogen bonds and free amide
and -NH- groups in the RHP molecules. As the temperature
increases from 25 to 150 °C, the intensity around 1,640 cm−1

and 1,544 cm−1 decreases, while the intensity around 1,659 cm−1

(free amide groups) and 1,530 cm−1 (free -NH- groups) increases
remarkably. The results prove that with the temperature increases,
the associated hydrogen bonds gradually become dissociated (45).
Temperature-dependent 1H NMR was used to further study the
hydrogen bonding interactions. The -NH- in the amide groups
(8.58 ppm), the methylene beside -NH2 (2.50 ppm, super-
imposed with dimethyl sulfoxide), and the methylene beside
-NH- (2.65 ppm, the methylene of MBA attached to secondary
amine after Michael addition; 2.44 ppm, the methylene of
BDA attached to secondary amine after Michael addition) are
clearly identified at 25 °C (Fig. 4 B and C and SI Appendix, Fig.
S9B). As the temperature increases, the proton peak of -NH-
in the amide groups shows an upfield shift and meanwhile the
proton peak of methylene beside -NH2 and -NH- shows a
downfield shift. Such shifts are observed to begin at 25 °C,
indicating that a part of the hydrogen bonds is already very
dynamic at room temperature (46), which will facilitate the
self-healing under this condition.
To further study the network dynamics around Tg of RHP,

two-dimensional (2D) correlation analysis of -NH- vibration on
FTIR spectra from 20 to 40 °C was performed, and the syn-
chronous and asynchronous maps are shown in Fig. 4 D and E,
respectively. The details of the sequential order of group mo-
bility can be judged by Noda’s rule in the 2D maps (SI Appendix)
(47). In Fig. 4D, two autopeaks at [1,500, 1,500 cm−1] and [1,510,
1,510 cm−1] can be clearly identified in the synchronous map,
corresponding to the bending vibration peaks of the different
free -NH- moieties. The other two autopeaks at [1,541, 1,541 cm−1]

and [1,558, 1,558 cm−1] are attributed to the different hydrogen-
bonded -NH- moieties (48, 49). Compared with the region of
hydrogen-bond moieties, the region of free -NH- moieties is more
obvious, indicating that the free amino and amide groups have
stronger motility in this temperature range. From the asynchronous
map (Fig. 4E), two positive peaks at [1,558, 1,510 cm−1] and [1,541,
1,510 cm−1] are observed at the off-diagonal positions.
According to the rule of 2D analysis, the peak at 1,510 cm−1

changes first, indicating that the free -NH- moieties start to
move first and then exchange with the moieties from associ-
ated hydrogen bonds around room temperature; the schematic
illustration is shown in Fig. 4F.
Due to the exchange of hydrogen bonds in the glassy state, the

dynamic network can be reconfigurated, enabling self-healing of
RHP. The self-healing behavior is visually demonstrated in
Fig. 5A and Movie S1. A RHP-1 rectangle sheet of 30 × 10 ×
1 mm3 is broken into two pieces, and the pieces are brought into
contact immediately. The sheet can bear a weight of 300 g after
1 min. To quantitatively examine the self-healing efficiency of
RHP, the dumbbell-shaped specimens were cut and then
rejointed to allow healing for different time periods at 25 °C.
Stress–strain curves of the mended samples were acquired by
uniaxial tensile tests with a strain rate of 10 mm/min and com-
pared with that of the virgin sample (Fig. 5B and SI Appendix,
Fig. S10). Remarkably, RHP can recover a tensile stress up to 5.5
MPa after the fractured pieces are contacted for 1 min, as shown
in SI Appendix, Fig. S8. Such outstanding instantaneous self-
healing with high-recover tensile stress is superior to most self-
healing materials (Fig. 5C) (50–56). It is closely related to the
high mobility of the branched chains and terminals, a unique
feature of RHP, which allows the quick reformation of hydrogen
bonds across the fractured surface through dissociated moieties.
As the molecular size increases, the number of terminals of RHP
decreases, and thus the molecular mobility becomes slower. As a
result, the instantaneous self-healing efficiency decreases from
33.4% of RHP-1 to 27.2% of RHP-3. However, as the contact
time prolongs, the self-healing efficiency can be improved
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significantly. When the samples are mended for 48 h, the self-
healing efficiencies of RHP-1, RHP-2, and RHP-3 increase to
75.56, 67.63, and 59.35%, respectively. Such results indicate that
the branched chains are able to interpenetrate across the frac-
tured surface to form more hydrogen bonds given enough time,
leading to the improvement of self-healing efficiency.

Conclusions
In summary, this work provides a strategy and mechanism to
construct glassy polymers with room-temperature self-healing
ability. This strategy relies on the unique molecular structure
and multiple hydrogen bonds of RHP. The high density of the
multiple hydrogen bonds imparts the RHP materials with Tg
higher than room temperature and storage modulus up to 2.7
GPa at room temperature. The unique molecular structure of
RHP not only endows the branching units and terminal groups
with high mobility, but also prevents the ordered packing of
molecular chains, which leads to the coexistence of the free and
associated complementary moieties of hydrogen bonds. Due to
the molecular mobility, the free complementary moieties can

exchange with the associated moieties of hydrogen bonds, en-
abling reconfiguration of the dynamic network at room tem-
perature. As a result, RHP manifests self-healing ability at 25 °C
without the intervention of external stimuli, despite the glassy
nature of the materials. In particular, the instantaneous self-
healing within 1 min can lead to a recovered tensile strength of
5.5 MPa, which is superior to most existing self-healing materials.
The elaborate design of hydrogen-bonding complementary
moieties in RHP is quite general. Such strategy can be easily
extended to other dynamic bonds and branched polymers, lead-
ing to a generation of glassy polymers with room-temperature self-
healing ability.

Materials and Methods
In brief, we synthesized a series of RHP by one-pot Michael addition between
MBA and BDA. The RHP films were made by hot press at 100 °C. Additional
details of experimental materials and methods are provided in SI Appendix.

Data and Materials Availability. All data and materials needed to evaluate the
conclusions in the paper are present in the paper, SI Appendix and Movie S1.
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