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Abstract: First, cellulose nanocrystals were extracted from microcrystalline cellulose using the sulfuric acid hydrothermal
method. Second, imine aromatic diol (Imine) was synthesized from p-hydroxybenzaldehyde and 4,4'-diaminodi-
phenylmethane as raw materials. Then the imine was introduced into the polyurethane, and the reversible covalent bond
between the imine and the C = N group was used to endow the polyurethane with self-healing properties. Finally, cel-
lulose nanocrystalline (CNC) was added into the self-healing polyurethane as the dispersed phase to prepare the com-
posite. The experimental results show that with the increase of the amount of CNC, the properties of the composites
increase first and then decrease, which is due to the physical cross-linking effect of proper CNC distribution in the self-
healing polyurethane, it is beneficial to the mechanical properties, but the self-healing property is reduced by further
increasing the content, which restricts the movement of the molecular chain. The mechanical properties of the composite
with 0.049 g CNC are the best, with fracture strength reaching 20.59 MPa, approximately 1.56 times higher than that of
pure self-healing polyurethane, and its elongation at break is 979%, and the self-healing efficiency reaches 84.7%, keep-

ing an excellent level.

Keywords: self-healing polyurethane, imine bond, cellulose nanocrystal composites.

Introduction

The demand for materials has become more diverse since
the 21st century. Ultraviolet radiation, mechanical and other
factors are frequently affected to varying degrees of destruc-
tion in the daily use of polymer materials, while waste polymer
materials are generally treated by incineration, resulting in large
quantities of harmful gases. Therefore, self-healing materials
were developed to extend the service life of polymer materials,
achieve sustainable utilization, and achieve the goal of envi-
ronmental protection. However, due to the high molecular mobil-
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ity and poor mechanical properties of self-healing materials, it
is critical to prepare the material with high self-healing effi-
ciency and high mechanical strength.

There are two types of self-healing materials: intrinsic self-
healing materials and external self-healing materials. This arti-
cle focuses on the former. The intrinsic self-healing mech-
anism automatically repairs material cracks through chemical
reactions involving reversible covalent bonds and non-covalent
bonds. Hydrazone bond,? imine bond,’ D-A bond,’ borate bond,’
ionic bond,’ disulfide bond,” hydrogen bond,* C-NO’ bond, 7-
7 stacking'® and hydrophobicity'' are the most common types
of intrinsic self-healing materials. The imine bond is a highly
efficient reversible covalent bond, which can be dynamically
converted at room temperature or under the catalysis of water
without any external stimulation. In 2017, Zhang et al."” pre-
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pared a new type of polydimethylsiloxane self-healing elas-
tomer, using imine bonds as self-healing points to introduce
self-healing properties into the elastomer. The elastomer has
well visible light transmittance (80%), high elongation (700%),
and good room temperature self-healing ability. Surprisingly,
this self-healing behavior can occur in water and even in the
air at temperatures as low as -20C. In 2020, Ding et al." syn-
thesized self-healing hydrogels containing dynamic imine bonds
using collagen, chitosan, and dialdehyde-terminated polyeth-
ylene glycol as raw materials. Ideally, it can help stop bleeding
and heal wounds, and it can also monitor facial expressions.

Cellulose is considered the most abundant biopolymer on
earth and is found mainly in plant cell walls." The chemical
and physical properties of cellulose depend largely on its spe-
cific structure. The hydroxyl groups of S-1,4-glucan cellulose
are located at C2, C3, and C6 positions. The -CH,OH side
groups are arranged in trans positions relative to O5-C5 and
C4-C5 bonds. Due to the supramolecular structure of cellulose,
the solid-state is represented by high-order and low-order
regions."” These three hydroxyl groups have considerable reac-
tivity, but their reactivity is also different due to different posi-
tions of connection. Therefore, on cellulose, hydroxyl groups
can undergo various chemical reactions, such as oxidation
reaction,'® etherification reaction,!” esterification reaction,'® and
grafting reaction.” Cellulose and cellulose, cellulose and water,
cellulose internal structure can form hydrogen bonds, such
structural characteristics give it many excellent properties, give
cellulose in biology, medicine, papermaking, and other aspects
of the application of special opportunities.

So combining cellulose with a self-healing material could be
a huge success. In 2019, Khadivi et al.*® prepared PU/CNC
nanocomposites with low molecular weight. The results show
that the introduction of low-content cellulose nanocrystals
improves the modulus, tensile strength, and elongation at the
break of the polyurethane matrix, while the properties of high-
content cellulose nanocrystals decrease. In 2020, Rogerio et
al* prepared TPU/CNC nanocomposites by melting blending
method. The addition of CNC improved the thermal stability
of thermoplastic polyurethane. When the treated CNC content
is 5 wt%, the mechanical properties of CNC/TPU nanocom-
posites are better than those of pure TPU and other processed
nanocomposites, and the young’s modulus is increased by about
130% while maintaining significant toughness, tensile strength,
and elongation at break. In 2020, Alexandre ef al* reported
the electrospinning of cellulose nanocrystals (CNC) enhanced
polyurethane (PU) with adjustable mechanical strength. The

hardness and strength of electrospun PU/CNC films were
improved to varying degrees. It was confirmed by scanning
electron microscopy that PU/CNC mats with fibers aligned
along the strain direction were harder and stronger than mats
with non-aligned fibers. This means that their orientation is
also conducive to the hardness and strength of the fiber PU/
CNC nanocomposite mats.

This paper combines self-healing polyurethane and cellulose
nanocrystals. First, cellulose nanocrystals are prepared by
hydrothermal method. Second, a chain extender containing an
imine reversible covalent bond was prepared and introduced
into polyurethane to obtain a self-healing polyurethane sub-
strate with high self-healing efficiency. Finally, cellulose nano-
crystals were synthesized with self-healing polyurethane by
solution blending. The mechanical properties of self-healing
polyurethane materials were improved under the premise of
ensuring self-healing efficiency, and the application fields of
self-healing polyurethane materials were expanded. At the same
time, the application of biomass materials has been broadened
to help recyclable resources.

Experimental

Materials. Sulfuric acid, microcrystalline cellulose (MCC),
sodium hydroxide, p-hydroxybenzaldehyde, 4,4'-diaminodi-
phenylmethane (MDA), polytetrahydrofuranediol-2000 (PTMEG-
2000), diphenylmethane diisocyanate (HMDI), 1,4-butanediol
(BDO), dibutyltin dilaurate (DBTDL), dimethyl sulfoxide
(DMSO), dimethyl formamide (DMF). PTMEG-2000 pur-
chased from Jinan guangyu chemical Co., Ltd. (China), HMDI
purchased from Wanhua Chemical Group Co., Ltd. (China).
The rest of the materials are purchased from Sinopharm Chem-
ical Reagent Co., Ltd. (China).

Synthesis of Cellulose Nanocrystals (CNC). A total of 4
g MCC was added into a three-mouth flask containing 64% (w
v sulfuric acid aqueous solution and reacted at 45°C for 45
min. Finally, it was centrifuged, dialyzed, and lyophilized to
obtain cellulose nanocrystalline powder, abbreviated as CNC.

Synthesis of Imine Idol (Imine). Using p-hydroxybenz-
aldehyde and MDA as raw material, dissolve it in anhydrous
ethanol, react with nitrogen for 8 h at 80 C, and filter it several
times. The yellow powder with a yield of 89% was obtained,
aromatic diol, abbreviated as Imine.

Synthesis of Self-healing Polyurethane. Using PTMEG-
2000 and HMDI as raw materials, the prepolymer was syn-
thesized by inert gas reaction at 80 C for 4 h. BDO and Imine
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Table 1. Raw Materials of Imine Self-healing Polyurethane with

Different Contents (unit: g)
Sample HMDI PTMEG BDO IMINE
PUO 5.247 20 0.9012 0
PUI-1 5.247 20 0.7210 0.8089
PUI-2 5.247 20 0.4506 2.0223
PUI-3 5.247 20 0.1802 3.2357
PUI-4 5.247 20 0 4.0446
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Figure 1. Schematic diagram of self-healing polyurethane with imine
bond.

were added to the prepolymer in proportion for 4 h, and then
cured and dried to obtain thermoplastic polyurethane elas-
tomers, which were called PUO, PUI-1, PUI-2, PUI-3, and
PUI-4, as shown in Table 1. The composite diagram is shown
in Figure 1.

Preparation of PUI/CNC Composites. An appropriate
amount of cellulose nanocrystals was placed in 24 g DMF for
ultrasonic shock for 20 min, and 7 g of PUI-4 was cut into
pieces, which were dissolved at 80°C and dried into films.
According to the different content of CNC, they were called
PUIC-1, PUIC-3, PUIC-5, PUIC-7, and PUIC-10, as shown in
Table 2. Figure 2 shows the process of preparation.

Chemical Structure Characterization. The chemical struc-
ture of the sample was characterized by Fourier Infrared Trans-
form Spectrometer (BRUKER, Germany). Cellulose nanocrystals
and Imine were mixed with the appropriate amount of potas-
sium bromide and pressed for transmission infrared test. Poly-

Table 2. Dosage Record of Self-healing Polyurethane/cellulose
Nanocrystals

Sample DMF(g) PUI-4(g) CNC(g) PUL:CNC
PUICI 24 7 0.007 1000:1
PUIC3 24 7 0.021 1000:3
PUICS 24 7 0.035 1000:5
PUIC7 24 7 0.049 1000:7
PUIC10 24 7 0.070 1000:10
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Figure 2. The preparation process of PUI/CNC composites.

urethane materials were tested by a reflective infrared test.

Thermal Properties Characterization. A proper amount
of samples were taken for differential scanning calorimetry
(NETZSCH, Germany), with the temperature range of -100~
150°C, 10°C min"'. Thermogravimetric tests (NETZSCH, Ger-
many), were performed on 2 mg treated samples at a tem-
perature range of 30~600C and a heating rate of 20°C min™
in a nitrogen atmosphere.

Mechanical Properties Characterization. Zwick/Roell/
Z005 Electronic universal material testing machine (Zwick/
Roell, Germany) was used to test the tensile properties of the
cut sample at a tensile speed of 500 mm min™.

Self-healing Performance Characterization. Zwick/Roell/
Z005 electronic universal material testing machine was used to
test the mechanical properties of the composites after 48 h
healing at room temperature after cutting. The self-healing effi-
ciency is expressed by the following formula:

Ro=22x100% (1)
Gy
&h

Re=22x100% @)
20

Where, a;, and o, are the tensile strength after healing and
normal splines respectively, and &, and &, are the elongations at
the break after healing and normal splines respectively. The
self-healing process of self-healing polyurethane is shown in

Figure 3.
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Figure 3. Schematic diagram of self-healing process of the self-
healing polyurethane.
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Results and Discussion

Chemical Structure Analysis. The infrared spectra of
MCC and CNC are shown in Figure 4(a). The results show
that the peak shape and peak position of the CNC infrared
spectrum is consistent with those of MCC.? The absorption
peak of CNC at 3352 ¢cm™ is wider, and it is the stretching
vibration peak of -OH. For the free hydroxyl group, the
absorption peak at 3650-3590 cm™ is a medium-strength absorp-
tion band.” However, due to a large number of hydroxyl groups
in cellulose and the strong hydrogen bonding between and
within the molecules, these bands move towards the lower
wavenumber, widen and increase in strength. In general, the
structure of cellulose is not destroyed after the hydrothermal
reaction of sulfuric acid.

Figure 4(b) shows the infrared spectrum of Imine, where the
peak at 3363 cm™ is the stretching vibration of O-H. The free
hydroxyl stretching vibration is located at 3500 cm™. Because
of the co-strangulation of the adjacent benzene ring and the
easy association of hydroxyl with hydrogen, the absorption
peak moves to a low wave number and broadens, overlapping
with the absorption peak of -CH,-. The absorption peak at

3026 cm™ and 2900 cm™ is C-H stretching vibration, Because
the OH absorption peak moves to the low wave number, the
two have a certain degree of coverage. The absorption peak at
1600 cm™ is the stretching vibration of C=N.** The absorption
peaks at 1502, 1438, and 1388 cm™ are the stretching vibration
of C=C in the benzene ring. In conclusion, Imine was suc-
cessfully prepared.

The infrared spectra of PUO and PUI-1~4 are shown in Fig-
ure 4(c). The absorption peak at 3348 cm™ is the stretching
vibration of N-H. The stretching vibration of N-H is generally
located in the region of 3500~3300 cm™, which is easy to
occur association. The absorption peaks at 2940 cm™ and 2860
cm™ are saturated -CH,- stretching vibrations. The absorption
peak at 1695 cm™ is the stretching vibration of C=0. The
absorption peak at 1593 cm™ is a stretching vibration of C=N.
Combined with the structure diagram of polyurethane, it can
be seen that there are two kinds of methylene in the main chain
of polyurethane, corresponding to two groups of different
absorption peaks in the infrared spectrum. The stretching vibration
with the absorption peak of -C-O- is located at 1107 ¢cm™.®

Enlarge the infrared spectrum at 1800~1500 cm™, as shown
in Figure 4(d). With the addition of Imine, the C=N- absorp-
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Figure 4. Infrared spectra of (a) CNC; (b) Imine; (c) PUO and PUI-1~4; (d) Local magnified infrared spectra of PUO and PUI-1~4; (e) PUIC

1~10; (f) Partial infrared magnification of PUIC1~10.
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tion peak at 1593 cm™ appeared and gradually increased, indi-
cating that Imine was successfully bonded to polyurethane. In
the local magnification spectra of PUI-1~4, the absorption peaks
at about 1695 cm™ and 1641 cm™ are the absorption peaks of the
carbonyl group, with the former representing the free carbonyl
group and the latter representing the carbonyl group forming a
hydrogen bond. It is also easy to see in the figure that the C=N
bond has only a single peak, which indicates that the C=N
bond does not form hydrogen bonds with N-H in polyurethane.
Due to the high steric hindrance of the four benzene rings in
Imine, the intramolecular distance of polyurethane increases,
and no intramolecular hydrogen bond is generated. Therefore,
the carbonyl group of polyurethane containing Imine bond can
only be divided into two different absorption peaks. In general,
the C=N bond in Imine cannot form a hydrogen bond with the
N-H bond, and all the hydrogen bonds in the material come
from the intermolecular hydrogen bond of polyurethane.

It can be seen from Figure 4(e) that the infrared spectrum of
PUIC is essentially consistent with that of PUIL. The infrared
spectrum of 1700~1500 cm™ was amplified, and Figure 4(f)
was obtained. It can be known that the infrared local mag-
nification of PUIC1 is consistent with PUI-4. The free carbonyl
peak is located at 1695 cm™, and an absorption peak is sep-
arated at 1641 cm™. The absorption peak of this carbonyl group
indicates that the carbonyl group and amino group produce
hydrogen bond interaction between polyurethane molecules.
However, the dosage of cellulose nanocrystals in PUICI is only
0.1, which is not enough to form hydrogen bonds with poly-
urethane. PUIC3~10 showed a free carbonyl absorption peak
at 1670 cm™, and two carbonyl peaks were separated from
1640 cm™ and 1625 cm™. The latter two carbonyl peaks were
derived from the hydrogen bonding between the carbonyl group
and amino group in polyurethane and the hydrogen bonding
between the carbonyl group and cellulose nanocrystalline in
polyurethane. In conclusion, the addition of cellulose nano-
crystals will increase the type and strength of hydrogen bonds
in self-healing polyurethane materials.

Thermal Performance Analysis. As can be seen from Fig-
ure 5(a), both PUO and PUI-1~4 have only one glass transition
temperature (7,). Because the self-healing polyurethane pre-
pared in this paper is thermoplastic polyurethane without a
crosslinking agent, the content of the hard segment is low.
Therefore, it is difficult to see the second 7, in the DSC curve.
The 7, of all tested substances is below room temperature (25C),
so they are in a state of high elasticity at room temperature,
which is a kind of elastic body. The 7, of PUI-1~4 increases

Za), A4778 A33E, 20234

with the increase of imine content, which is due to the increase
of the content of imine bond, the increase of the number of
benzene rings contained in the molecular chain, and the increase
of the steric resistance between the molecular chains, thus
affecting the 7, of the material.

PUI/CNC composites have only one T,, which is below
room temperature, as shown in Figure 5(b). After the addition
of cellulose nanocrystals, the properties of the composites are
substantially unchanged, and they are all elastomers. It can be
seen that compared with PUIC1~10, the Tg of polyurethane
matrix PUI-4 decreases slightly except for PUIC1,% its trend
is: the T, of self-healing polyurethane/cellulose nanocrystals
composites increased with the increase of cellulose nanocrystals
content, but the change was not obvious. Cellulose nanocrystals
contain a large number of hydroxyl groups and their inter-
molecular and intramolecular hydrogen bonds are very strong.
The polyurethane prepared in this paper has a low molecular
weight. When the number of CNC additions is small, the hydro-
gen bond binding force is weak. The Coulomb force of the sul-
fonic acid group in the CNC harms the crystallization of the
material, thereby reducing the 7,. When the CNC content grad-
ually increased, it produced stronger hydrogen bonding with
the polyurethane molecular chain, and the crystallization abil-
ity was enhanced, so the glass transition temperature increased.
However, due to the small number of cellulose nanocrystals,
the glass transition temperature only changed slightly.

It can be seen from Figure 5(c) that both PUO and PUI-1~4
have two stages of thermal weightlessness. The 5% Td (weight
loss 5% temperature) of PUO is 273 C, the weight loss range
is 224~248C and 348~489C respectively, and the residual
amount is 1.33%. The first weight loss range of PUQ is caused
by the C-O bond, C-N bond, and C=0 bond in the polyurethane
main chain, which contain electron-sucking atoms and break at
a lower temperature than the C-C bond. When the temperature
reached 408 C, the C-C bond in the polyurethane main chain
began to fracture and decomposed completely at 489 C. The
thermogravimetric curves of PUI-1 to PUI-4 are mostly the
same, and the two weight loss ranges are 321~362°C and
362~500C respectively. Compared with PUO, the weight loss
temperature of PUI-1~4 is improved to a certain extent. This
change is caused by the different chain extenders used in the
reaction process. The main chain of 1, 4-butandiol is a soft car-
bon chain with a lower breaking temperature, while the main
chain of imine aromatic diol has four rigid benzene rings with
a higher breaking temperature. Therefore, PUI-1~4 has higher
thermal stability than PUO. However, the 7, curves of PUI-1~4
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Figure 5. (a) DSC curves of PUO and PUI-1~4; (b) DSC curve of PUIC1~10; (¢) TGA and DTG curves of PUO and PUI-1~4.
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Table 3. Mechanical Properties Record of Self-healing Polyurethane

Sample PUO PUI-1  PUI2 PUI-3  PUI4
oy (MPa) 0.13 3.86 4.39 6.23 8.03
& (%) 1193 1036 1004 1123 883

almost overlap with those of TGA, indicating that the effect of
imine aromatic diol chain extender on the thermal stability of
self-healing polyurethane is limited.

Mechanical Property Analysis. The mechanical properties
of the self-healing polyurethane material are shown in Figure
6(a) and Table 3. In the self-healing polyurethane material
based on imine bond, when the content of imine diol changes
from 0 to 10, the fracture strength of the material increases sig-
nificantly from 0.13 to 3.86 MPa, while the elongation at break
decreases slightly. The imine bond is bonded to the polyurethane
main chain, which gives the self-healing polyurethane a certain
rigidity. Moreover, because the material is a thermoplastic
elastomer, the content of the hard segment is low, the molec-
ular chain is crosslinked only by a weak hydrogen bond, and
the rigid chain segment is crosslinked without the crosslinking
agent, so the change of elongation at break is small. To sum
up, the breaking strength is significantly increased, while the
elongation at break is slightly decreased. With the imine content
changing from 10% to 50%, the fracture strength and elon-
gation at the break of self-healing polyurethane increased with
the increase of imine content, but the overall trend was reduced,
but it remained at a good level. PUI-4 has the best mechanical
properties, and its mechanical strength can reach 8.03 MPa
without the action of crosslinking agent.

As shown in Figure 6(b) and Table 4, when the dosage of
cellulose nanocrystals changes from 0 to 0.1 parts, the fracture
strength changes from 8.03 to 9.12 MPa, increasing by 1.04
MPa. Elongation at break changed from 883 to 1283%, an
increase of 400%. Both breaking strength and elongation at
break increased significantly. Compared with PUI-4, PUIC1
contains cellulose nanocrystals with active hydroxyl groups.
Cellulose nanocrystals are distributed in the self-healing poly-
urethane, and the active group hydroxyl will produce a hydro-
gen bond with the C=0 in the main chain of the polyurethane,
playing a role in physical cross-linking. Under the action of

Table 4. The Mechanical Performance Record of PUIC1~10

Sample PUI-4 PUIC1 PUIC3 PUIC5 PUIC7 PUIC10
op(MPa) 8.03 9.12 11.08 1594 20.59 11.23
& (%) 883 1283 1269 948 979 983
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such physical crosslinking, the molecular weight of polyure-
thane molecular chains is increased by hydrogen bonding, so
the fracture strength and elongation at the break of the material
will be improved to varying degrees at the same time. The
breaking strength of PUIC1~10 increased first and then decreased
with the increase of cellulose nanocrystals, while the elon-
gation at break decreased continuously. PUIC7 has the highest
fracture strength of 20.59 MPa. The mechanical properties of
PUIC10 decreased because of the decreased dispersion of cel-
lulose nanocrystals in the self-healing polyurethane and aggre-
gation in the matrix. The intermolecular hydrogen bond of
cellulose nanocrystals itself was too large to bond the poly-
urethane closely.

Self-healing Performance Analysis. The self-healing poly-
urethane film is cut into dumbbell-shaped samples, cut off com-
pletely from the middle, and then the section is aligned and fitted.
The self-healing samples were obtained after 48 h at room
temperature and were named PUO-SH, PUI-1-SH, PUI-2-SH,
PUI-3-SH, and PUI-4-SH respectively. The mechanical prop-
erties of these samples are shown in Figure 7(a). According to
formulas (1) and (2), the self-healing efficiency of materials is
calculated (as shown in Figure 7(b) and Table 5). Ro of PUI-
1~4 is 61.7, 72.9, 85.7, and 96.4%, and Re is 86.5, 86.0, 85.9,
and 90.3%, respectively. According to the variation of data, it
can be concluded that the self-healing efficiency of the material
increases with the increase of the concentration of polyure-
thane imine bond. General polyurethanes have self-healing
properties due to the dissociation and formation of hydrogen
bonds at high temperatures, but poor self-healing properties at
room temperature. Therefore, in the self-healing polyurethane
prepared in this chapter, the imine bond plays a leading role in
the self-healing process. In summary, the imine bond is a revers-
ible covalent bond with high self-healing efficiency, which has
a significant effect on polyurethane. In the dosage range of
10~50%, with the increase of concentration, the self-healing
performance of the self-healing polyurethane material also
increases, among which PUI-4 has the best self-healing per-

Table 5. The Mechanical Properties and Self-healing Efficiency
Records of PUO and PUI-1~4

Sample 0y & Osy &sn R; (%) R (%)
PUO-SH 0.13 1193 - - - -
PUI-1-SH  3.86 1026 2.38 888 61.7 86.5
PUI-2-SH  4.39 1004  3.20 864 72.9 86.0
PUI-3-SH  6.23 1163 5.34 999 85.7 85.9
PUI-4-SH  8.03 883 7.74 796 96.4 90.3
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Figure 7. (a) Mechanical properties curves of PUO and PUI-1~4 after self-healing; (b) variation trend of self-healing efficiency of self-healing
polyurethane; (c) mechanical property curve of PUIC1~10 after self-healing; (d) variation trend of self-healing efficiency of PUI/CNC.

formance. Therefore, PUI-4 is suitable for subsequent exper-
iments.

The self-healing polyurethane/cellulose nanocrystalline
composite films are called PUIC1-sh, PUIC3-sh, PUIC5-sh,
PUIC7-sh, and PUIC10-sh. As can be seen from the Figure
7(c) and Figure 7(d), the breaking strength of PUIC1~10-sh
is 8.69, 9.92, 13.34, 17.43, and 9.83 MPa, and the elongation
at break is 930, 923, 753, 763, and 735%, respectively. The
fracture strength and elongation at the break of PUIC 1~10
specimens are reduced to different degrees. Specific com-
parisons are shown in Table 6.

The Ro of PUI-4 and PUIC 1~10 were 96.4, 95.3, 89.5,
83.6, 84.7, and 87.5%, respectively. The self-healing efficiency
of the PUIC-sh series is slightly lower than that of PUI-4-SH.
With the increase in the number of cellulose nanocrystals, the
hydrogen bonding effect is enhanced, and the flexibility of the
main chain of the molecule becomes worse, affecting the move-
ment of the chain segment, so the Re decreases significantly. In
conclusion, the self-healing efficiency of the self-healing poly-
urethane with cellulose nanocrystals added is lower than that

Table 6. Mechanical Properties and Self-healing Efficiency Record
of PUIC1~10

Sample () & sy esn  Rs (%) R (%)
PUI-4-SH 8.03 883 7.74 796  96.4 90.3
PUIC1-sh 9.12 1283 869 930 953 72.4
PUIC3-sh 11.08 1269 9.92 923 895 72.7
PUICS-sh 15.94 948 13.34 753 836 79.4
PUIC7-sh 20.59 979 1743 763  84.7 77.9

PUIC10-sh  11.23 983 9.83 735 875 74.8

of the self-healing polyurethane matrix, and with the increase
of the cellulose nanocrystals added, the self-healing efficiency
also decreases, but the overall is still in an excellent range, and
the self-healing conditions are very mild.

Strengthening Mechanism of PUI/CNC Composites. To
study the strengthening mechanism of the composites, the car-
bonyl absorption peaks of PUI-4 and PUIC1~10 were fitted
with Gaussian.”’” The free carbonyl group in polyurethane, the
carbonyl group® that produces hydrogen bonding with the

Polym. Korea, Vol. 47, No. 3, 2023
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Table 7. Hydrogen Bond Fitting Results of PUIC1~10

Sample Peaks Wavenumbers (cm™")  Proportion (%)

PUL4 1695 18.68
II 1647 81.32

PUICT I 1695 16.37
I 1641 83.63

I 1670 20.00

PUIC3 I 1640 10.18
111 1625 69.81

I 1670 13.97

PUICS II 1640 56.06
111 1625 29.97

I 1670 10.64

PUIC7 I 1640 3422
111 1625 55.14

I 1670 24.00

PUIC10 II 1640 55.86
111 1625 20.14

amino group in polyurethane, and the carbonyl group that pro-
duces hydrogen bonding between polyurethane and cellulose
nanocrystals are expressed as I, II, and III. The percentages of
different hydrogen bond types were obtained as shown in
Table 7.

It can be seen from Table 7 that in addition to the increase
in the percentage of free carbonyl in PUIC3, the trend of the
whole group of samples showed a trend of first increasing and
then decreasing. The addition of cellulose nanocrystals increased
the hydrogen bonding of polyurethane, and the percentage of
free carbonyl groups decreased from 18.68% of PUI-4 to 10.64%
of PUIC7, and then increased to 24% of PUIC10.

Cellulose nanocrystals act as physical crosslinking points in
self-healing polyurethanes. Strong hydrogen bonding reduces
the distance between polyurethane molecules, and the cross-
linking points attract many polyurethane molecular chains to
form a physical crosslinking network, which increases the
molecular weight of the composites at room temperature, as
shown in Figure 8. The formation of a physical crosslinking
network increases the elasticity and strength of the material.
However, the increase of the carbonyl group in PUICI10 is due
to the inhomogeneous dispersion of cellulose nanocrystals in
polyurethane. The hydrogen bond between cellulose nano-
crystals exceeds that between cellulose nanocrystals and poly-
urethane, and the carbonyl group cannot form a hydrogen bond

Za), A4778 A33E, 20234

¥
< CNC
r 4
; -C=N-
- Hydrogen
§ Bond

Figure 8. Strengthening mechanism.

with more N-H bonds.

In general, the addition of cellulose nanocrystals increases the
hydrogen bonding in polyurethane, which affects other prop-
erties.

Conclusions

In this paper, a series of self-healing polyurethanes were pre-
pared based on dynamic imine bonds. The introduction of imine
bonds endows polyurethane materials with good mechanical
properties, thermal properties, and self-healing properties. Then
a series of PUI/CNC composites were prepared by selecting
PUI-4, which has the best self-healing and mechanical prop-
erties, as the matrix of composites and using CNC as the dis-
persed phase. CNC acts as a physical crosslinking point in self-
healing polyurethanes, which improves the performance of
self-healing polyurethanes by bonding the polyurethane molec-
ular chains together through hydrogen bonding. Polyurethane
with 0.7% cellulose nanocrystals has the highest mechanical
strength, tensile strength of 20.59 MPa, and elongation at a
break of 979%. In addition to high mechanical properties, it
also has considerable self-healing efficiency, up to 84.7%. Com-
pared with 96% of polyurethane matrix, it has a slight decrease,
but it still keeps a good overall level.
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