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Abstract:

Covalent adaptable networks (CANs) provide a promising approach to the recycle issue of thermosets due to
their dynamic cross-linked networks. However, CANs are susceptible to creep at relatively low temperatures,
and their chemical stability is also inevitably doubted. Here, we designed novel dihydrazone CANs from cross-
linking of a dihydrazone-containing epoxy monomer which was synthesized from the condensation of lignin
derivative vanillin and hydrazinium hydrate, followed by reacting with epichlorohydrin. Beside the excellent
malleability and reprocessability, the dihydrazone CANs exhibited high initial creep temperature of ~105 °C,
which was ascribed to the superior stability of hydrazone bond at around 100 °C and favorable hydrazone
exchangeability at elevated temperatures. Meanwhile, the degradation of the dihydrazone CANs exhibited
temperature, solvent and acidity dependence. Moreover, on account of the high antibacterial property of
hydrazone bond, the CANs presented high killing rate (95.8%) to Gram-negative bacteria (E. coli). Thus, this
work disclosed an effective dynamic covalent motif for the development of CANs with excellent dimensional

stability, chemical resistance and intrinsic antibacteria.
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Thermosets have been widely used as binders or matrices in coatings, adhesives, electronic packaging materials
and composites, etc. and are also an extremely important part of the modern plastic and rubber industries.!: ?
Covalently cross-linked nature gives thermosets ideal properties including thermal stability, chemical resistance,
creep resistance, but it also directly brings about exceedingly limited recycling options.>® The current main
treatment of out-of-service thermosets is landfill which is the least preferred waste management approach
according to the Environmental Protection Agency’s (EPA) guidelines for solid waste management (1989).
Other approaches such as grinding, solvolysis, combustion, and pyrolysis consume high energy and are de facto
merely disposing instead of recycling the thermosets.? To achieve a circular economy, it’s urgent to develop
method to efficiently recycle thermosets with low-energy consumption. Incorporating dynamic covalent bonds
into thermosets to obtain covalent adaptable networks (CANs) is a promising route to address the recycle issue
of thermosets. Especially after the pioneering work of vitrimers reported by Leibler and his coworkers,> CANs
have captured increasing attentions from academia and industry. So far, plenty of CANs have been designed
based on dynamic chemistries or bonds such as transesterification,> *!' DA/retro-DA reaction,'> '3 imine
exchange,'*1® boronic ester or boroxine exchange,'’””!° vinylogous urethanes/ureas,?’->3 olefin metathesis,?*
carbamate,? 2 carbonate,?’ hemiaminals,?® 1,2,3-triazolium,?®- 3° thiol-ene adducts,?' disulfides,?? siloxane,3? 34
silyl ether,?: 3¢ diketoenamine,* diselenide,?’ thioacetal,*® hindered urea bond,** acetal,**#! and so on.

Despite the rapid development, CANs are susceptible to creep as thermoplastics, which limits their utilization
in applications including engineering plastics and structural materials requiring high dimensional stability. Even
for the CANs with glass transition temperature (7,) much higher than the topology freezing temperature (7,)
referring to the dynamic exchange reactions, creep could still occur at the temperature around 7,.'° Although
few works have been done on enhancing the creep resistance of CANS, this aspect is attracting growing interests.
One approach is incorporating permanent cross-links into CANs.*?> Cash et al.*3 and Li et al.** designed CANs
with different creep resistance and relaxation rates by adjusting the ratio of dynamic bonds to static bonds.
Besides, Tang, Guo and coworkers® reported another method of improving the creep resistance of CANs
through metal coordination which could also enhance the mechanical properties of CANs. Adjusting the types
and contents of different catalysts should also be a method to increase the creep resistance. Leibler and
coworkers,*® Winne, Du Prez and coworkers?? obtained a series of CANs with different relaxation rates and 7,s

by adjusting the types and contents of different catalysts. Introducing physical cross-links could also enhance
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the creep resistance of the CANs. Guan and coworkers3* reported a silyl ether-based crystalline pobyethylene!os
vitrimer which exhibited good creep resistance below the melting point. Sumerlin and coworkers*’ prepared
CANSs using block copolymers which could produce microphase-separated network structure and enhance the
creep resistance. Albeit the significant advances, it’s still a challenge to achieve CANs combining high initial
creep temperature above 100 °C and excellent malleability.

Dynamic covalent bonds could also impart the degradability to thermosets, but the chemical stability is
inevitably doubted. It is a challenge to improve the stability of degradable thermosetting resins in daily use. In
our previous work,* we designed degradable epoxy networks based on Schiff base conjugated with two benzene
rings. On account of the stabilization from the conjugated benzene rings, the Schiff base epoxy networks
exhibited superior temperature and acidity-controlled degradability, and excellent stability in common solvents,
hygrothermal aging and thermal treatment. Nevertheless, the network rearrangement (or reprocess) could not
be achieved.

Over the past few decades, antibiotic therapy has been regarded as a major advance in modern medicine
because it plays a key role in reducing mortality in the treatment of severe infectious or chronic diseases.*->!
However, with the abuse of antibiotics, the situation of the generation of antibiotic-resistant bacteria has become
increasingly serious. Therefore, there is an urgent need for an antibiotic-free, highly effective antibacterial
material to help us deal with daily bacterial infections. Recently, many schemes had been verified for
antibacterial materials such as cationic polymers,*> >3 quaternary ammonium compounds,>* > hydrogels,>® 37

antibacterial peptides®® and inorganic nanomaterials®- % which had achieved good results. However, there is no

Published on 08 May 2020. Downloaded by Uppsala University on 5/12/2020 9:39:35 AM.

report on intrinsic antibacterial CANSs.

Therefore, we synthesized a novel dihydrazone-containing epoxy monomer (HBE) and prepared dihydrazone
CANSs with high initial creep temperature, command degradability and excellent antibacteria. To the best of our
knowledge, this is the first report of dihydrazone CANs. Besides, lignin derivative vanillin was used as the
biorenewable raw material to prepare these dihydrazone CANs. The chemical structures of the synthesized
compounds were characterized in detail. The thermal and mechanical properties, stress relaxation, reprocessing
recyclability, creep resistance, degradability and the antibacterial properties were systematically investigated.
The structure-property relationships were discussed as well. For comparison, the commonly used bisphenol A
epoxy (DGEBA, trade name DER331) was studied as the control. All the chemical structures of epoxy
monomers HBE and DER331, and hardeners isophorondiamine (IPDA) and poly(propylene glycol) bis(2-

aminopropyl ether) (D400, average M, ~ 400) were illustrated in Fig. 1.
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Fig. 1 Chemical structures of HBE, DER331, IPDA, and D400.

2. Experimental section

2.1 Materials

Isophorondiamine (IPDA), poly(propylene glycol) bis(2-aminopropyl ether) (D400, average M, ~ 400), vanillin,
hydrazinium hydrate solution (80%), phosphoric acid (>85 wt% in H,0O) and tetrabutylammonium bromide
(TBAB) were purchased from Aladdin-reagent Co., China. Epoxy resin (DGEBA, trade name DER331, epoxide
equivalent 182-192 g eq') was supplied by DOW Chemical Company. Dimethyl sulfoxide (DMSO), N,N-
dimethylformamide (DMF), petroleum ether (boiling range: 60-90 °C), ethanol, methanol, acetone,
tetrahydrofuran (THF), sodium hydroxide, acetic acid and epichlorohydrin (ECH) were obtained from
Sinopharm Chemical Reagent Co., Ltd., China.

2.2 Synthesis of dihydrazone-containing epoxy monomer (HBE)

30.4 g (0.2 mol) of vanillin was dissolved in 100 mL of ethanol and poured into a 250-mL three-necked flask
with a reflux condenser and a magnetic stirrer, and 6.25 g (0.1 mol) of hydrazinium hydrate solution (80%) was
added dropwise to the above solution within half an hour at 50 °C, then reacted at 50 °C for 1 h. After the
reaction, the mixture was filtered to get a light yellow product (4,4'-(-hydrazine-1,2-

diylidenebis(methanylylidene))bis(2-methoxyphenol) (HBP, 28.39 g) with a yield of approximately 94.6%.
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Dihydrazone-containing epoxy monomer (HBE) was facilely prepared by HBP through a two-step metltod) 1602198
g (0.02 mol) of HBP, 0.602 g (10 wt% of HBP) tetrabutylammonium bromide (TBAB) as the catalyst and 46.3
g (0.5 mol) of ECH were added to a 250 mL three-neck flask equipped with a reflux condenser and a magnetic
stirrer, reacted at 80 °C for 1 h. Then the temperature of the reaction was kept below 5 °C by ice bath, and 5 g
(0.05 mol) of 40 wt% sodium hydroxide (NaOH) aqueous solution was added dropwise to the system within 30
min. After that, 20 mL of chloroform was added, and the system was reacted for 5 h. When the reaction was
completed, the mixture was washed by water for three times to obtain a yellow solution, and a white product
HBE (6.99 g) with a yield of approximately 84.8% was obtained by precipitation of adding the solution dropwise
to petroleum ether, and being dried at 80 °C for 12 h. The synthetic routes of HBP and HBE are illustrated in

Scheme 1.

EtOH

/
o}
a O + H,N—NH,
HO / 50°C/1h

Vanillin

°CISh

/
o //—Q*OH ECH,TBAB NaOH aq. ,_Q
04{ >_//N'N 80 °C/zh 4{ >_ y W
/

Scheme 1 Synthetic routes of a) HBP and b) HBE.
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'H NMR (400 MHz, DMSO-d,, ppm, HBP) & = 9.71 (s, 1H), 8.58 (s, 1H), 7.46 (s, 1H), 7.32 - 7.20 (m, 1H),
6.88 (d, J = 8.1 Hz, 1H), 3.83 (s, 3H).

13C NMR (101 MHz, DMSO-d;;, ppm, HBP) § = 165.23 - 158.80 (m, 2C), 150.33 (s, 1C), 148.43 (s, 1C),
127.48 - 124.77 (m, 1C), 124.98 - 122.12 (m, 2C), 117.55 - 114.69 (m, 2C), 113.04 - 107.68 (m, 2C), 58.35 -
53.20 (m, 2C).

'"H NMR (400 MHz, DMSO-d;;, ppm, HBE) & = 8.65 (s, 1H), 7.51 (d, J = 1.8 Hz, 1H), 7.36 (dd, ] = 8.4, 1.8
Hz, 1H), 7.09 (d, ] = 8.4 Hz, 1H), 4.39 (dd, J = 11.4, 2.7 Hz, 1H), 3.97 - 3.77 (m, 4H), 3.41 - 3.34 (m, 1H),
2.92-2.82 (m, 1H), 2.72 (dd, J = 5.1, 2.6 Hz, 1H).

13C NMR (101 MHz, DMSO-d;;, ppm, HBE) & = 163.37 - 158.80 (m, 1C), 153.65 - 150.15 (m, 1C), 150.15

- 146.65 (m, 1C), 130.77 - 124.77 (m, 1C), 125.63 - 119.83 (m, 1C), 114.47 - 111.97 (m, 1C), 111.61 -108.11
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(m, 1C), 72.36 - 67.86 (m, 1C), 58.35 - 53.85 (m, 1C), 52.34 - 47.20 (m, 1C), 46.20 - 42.26 (OLC)1039/D00TA01419

HRMS (ES*) m/z calculated for HBE (C,,H,sN,O4 (M* H*)) 413.16, found 413.17.

2.3 Synthesis of small-molecule model dihydrazones

Benzaldehyde (10.61 g, 0.1 mol) was dissolved in 100 mL of ethanol, and placed in a 250-mL flask with a
reflux condenser and a magnetic stirrer, then 3.25 g (0.05 mol) of hydrazinium hydrate solution (80%) was
added dropwise to the benzaldehyde solution, and reacted at 50 °C for 1 h. After the reaction, the mixture was
cooled down and filtered to get a yellow product (1,2-di((E)-benzylidene)hydrazine) (DBH, 9.53 g) with a yield
of 91.4%. 1,2-bis((E)-4-methylbenzylidene)hydrazine (BMH) with a yield of 93.2% was synthesized from p-

methylbenzaldehyde and hydrazinium hydrate via the same method of DBH. The synthetic routes are shown in

Scheme 2.
R 4
N-
B EtOH @ N/\Q\R

or CH; BMH

Scheme 2 Synthetic routes of small-molecule model dihydrazones DBH and BMH.

"H NMR (400 MHz, DMSO-ds, ppm, DBH) 6 = 8.70 (s, 1H), 7.86 (d, J=7.86, 2H), 7.48 (m, 2H).

3C NMR (101 MHz, DMSO-d;, ppm, DBH) 6 = 161.95 (s, 1C), 134.27 (s, 1C), 131.82 (s, 1C), 129.37 (s,
1C), 128.84 (s, 1C).

'"H NMR (400 MHz, DMSO-d;, ppm, BMH) & = 8.64 (s, 1H), 7.74 (d, J=7.9, 2H), 7.28 (d, J=7.9, 2H), 2.34
(s, 3H).

3C NMR (101 MHz, DMSO-ds, ppm, BMH) 6 = 161.68 (s, 1C), 141.78 (s, 1C), 131.67(s, 1C), 130.12-

129.87(s, 1C), 128.88-128.64(s, 1C), 21.62(s, 1C).

2.4 Preparation of dihydrazone CANs

4.12 g (0.01 mol) of HBE and 2 g (0.005 mol) of D400 (or 0.85 g (0.005 mol) of IPDA) were dissolved in 10
mL of DMF, and held at 150 °C for 30 min. Then the solution was coated on a tinplate (cleaned by butanone)
and reacted at 150 °C for 30 min until the solvent was evaporated completely to give pre-cured films, followed

by post-curing at 100 °C for 2 h, at 150 °C for 2 h, and at 180 °C for 2 h in a vacuum oven. The cured thermosets
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were named as HBE-D400 (or HBE-IPDA). DER331-D400 as the control was prepared by cross-linlkiaig!os
DER331 with D400 through the same method. The well-cured films were removed from tinplate and used to
measure the properties.

2.5 Reprocess of the dihydrazone CANs

The reprocess was carried out through a plate vulcanizer. The samples (HBE-D400 or HBE-IPDA) were cut
into small pieces, and placed between two steel sheets covered with two polyimide films. Then, they were hot
pressed at 180 °C under a pressure of 10 MPa for 40 min (HBE-D400) or 30 min (HBE-IPDA). After cooling
to room temperature, the reprocessed samples were obtained.

2.6 Degradation of the dihydrazone CANs

Around 5 mg of sample (HBE-D400 or HBE-IPDA) was placed in approximately 10 mL solution of acid, organic
solvent and deionized water in a 10-mL vial. The degradation behavior was investigated by adjusting the solvent ratio,
acid, acid concentration, solvent and temperature. After being placed in a vacuum oven at 80 °C for 24 h, the samples
were weighed and recorded as the initial weight. The sample was immersed in the corresponding solutions at 50 °C
(or 23°C). If the samples could be completely degraded within 48 h, the required time was recorded as the degradation
time. If not, the remaining samples were washed with deionized water for three times, placed in a vacuum oven at
80 °C for 24 h for drying, weighed and recorded as the final weight. The degradation rate (v,;) was calculated by

initial weight (w;), final weight (wy), and degradation time (#,) via equation 1:

Wi — Wy
va="" (M

Published on 08 May 2020. Downloaded by Uppsala University on 5/12/2020 9:39:35 AM.

2.7 Static contact angle of the dihydrazone CANs

The static contact angle of the dihydrazone CANs was determined with a contact angle measuring system
(OCA25, Dataphysics Instrument) using the sessile-drop method at room temperature (23 °C). Data were read
at 1 min after deposition of 30 pL distilled water or solvent.

2.8 Swelling measurement

The dihydrazone CANs were immersed in different solvents at 50 °C for 24 h. m, is the initial mass (dried) and
m; is the mass after swelling; the swelling degree is calculated by 100% X (m; — my) / my.

2.9 Antibacterial activity of the dihydrazone CANs

The antibacteria of the HBE-D400 and DER331-D400 was investigated by Escherichia coli ((E. coli, Gram-negative).

E. coli was cultured on Luria-Bertanni (LB, OXOID) agar plate for 14-16 h at 37 °C, then a single colony was picked
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to the 40 mL LB at 37 °C. E. coli was incubated for approximately 12 h under shaking at 200 rpms aad a@djusted todn 98
appropriate optical density of ~0.1 (E. coli) by dilution for reserving. The bacteria were killed on the surface of the
samples by soaking the cleaned samples in 70% alcohol for 10 min, then removed the bacteria with phosphate-buffered
solution (PBS). The treated samples were placed in the solution containing E. coli and then held at 37 °C for 24 h.
Bacteria that were not adhered to the surface of the samples were washed away by drip washing three times with PBS.
LIVE/DEAD BacLight kit (Thermo Fisher Scientific Inc., NY) was used to stain the samples for 10 min, and the
stained samples were washed by PBS to remove the excessive dye. Finally, bacteria on the surface of samples were
observed by Axio Observer Al fluorescence microscope.

2.10 Characterization

"H NMR and 3C NMR spectra were collected through an AVANCE III Bruker NMR spectrometer (Bruker,
Switzerland) with DMSO-dg as the solvent. Time-of-flight mass spectrometry was performed by dissolving the
sample in dichloromethane and measuring it on a TripleTOF 4600 time-of-flight mass spectrometer (AB Sciex,
America) in positive ion mode. GC-MS spectra were carried out on a 7890B-5977A Gas Chromatography-
mass Spectrometer (GC-MS) (Agilent, America) using dichloromethane as the solvent. Differential scanning
calorimetry (DSC) was examined via a Mettler-Toledo Star 1 apparatus to investigate the glass transition
temperatures (7,s) of the CANs. The dihydrazone CANs (around 5 mg) were heated to 200 °C from 25 °C at a
heating rate of 20 °C min™! and held at 200 °C for 5 min, then cooled to 0 °C from 200 °C at a cooling rate of
20 °C min’!, and finally heated from 0 °C to 200 °C at a ramp rate of 20 °C min™'. The second heating curves
were used to obtain the 7,s of the CANs. Thermogravimetric analysis (TGA) of the CANs (approximately 5 mg
for each sample) was performed on a Mettler-Toledo TGA/DSCI1 thermogravimetric analyzer (Mettler Toledo,
Switzerland) under a nitrogen atmosphere from 50 to 800 °C at a heating rate of 10 °C min~!. The FT IR spectra
were recorded using a Micro-FT IR Cary660 (Agilent, America) by absorbance mode. The dynamic mechanical
analysis (DMA) was performed on a Q800 DMA (TA instruments, American) under the film tensile mode at a
frequency of 1 Hz. Samples with dimensions of 25 mm (length) x 5 mm (width) x 0.3 mm (thickness) were
used to test the dynamic mechanical properties from -50 °C to 200 °C at a ramp rate of 3 °C min~'. Stress
relaxation: samples with dimensions of 20 mm x5 mm % 0.3 mm were preloaded by a 1 x 1073 N force initially
to keep straight. After reaching the testing temperature, it was allowed 10 min to reach thermal equilibrium. A
constant strain (5%) was applied to each specimen throughout the test, and the relaxation modulus was recorded.
Creep experiments: a constant stress of 1.0 MPa was applied to the specimen after temperature equilibration for

10 min followed by a 40 min recovery period. Tensile properties of the samples were performed on an Instron
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5567 Electric Universal Testing Machine (Instron, America). The samples with dimensions of®&01eriniy(leigoi)Los
x 5 mm (width) x 0.3 mm (thickness) were measured with gauge length of 20 mm at a cross-head speed of 2

mm min~'. For accuracy, the data were averaged from at least 5 specimens.

3. Results and discussion

3.1 Synthesis and chemical characterization of HBP, HBE, DBH, BMH and the dihydrazone CANs

HBP was synthesized by the condensation reaction of vanillin and hydrazinium hydrate according to the similar
method in the literature,®' and then HBP was epoxidized by reacting with epichlorohydrin to achieve HBE. 'H
NMR, BC NMR, FT IR and TOF-MS spectra were used to determine the chemical structures of HBP and HBE.
As seen in Fig. 2, the chemical shift and integral area of the peaks in the "H NMR spectra, and the chemical
shift and peak numbers in the '*C NMR spectra correspond exactly to the expected chemical structures of HBP
and HBE. As shown in TOF-MS spectrum (Fig. 3), the molecular weight of HBE is consistent with the
theoretical value. The melting points of HBP and HBE examined by DSC were 181 °C and 161 °C, respectively
(Fig. S1, Fig. S2).These results are indicative of the successful synthesis of HBE. Small-molecule model
dihydrazones DBH and BMH were synthesized by a similar method of HBP, and 'H NMR and '*C NMR spectra
were used to characterize these two compounds (Fig. 4). The chemical shift and integral area of the peaks in the
"H NMR spectra and the chemical shift and peak numbers in the 3C NMR spectra are completely consistent

with the chemical structures of DBH and BMH, which indicates that DBH and BMH were successfully

Published on 08 May 2020. Downloaded by Uppsala University on 5/12/2020 9:39:35 AM.

synthesized.

The dihydrazone CANs were prepared from the curing reaction of HBE and hardeners (IPDA and D400).
The completion of curing and retention of hydrazone group of the networks were characterized through FT IR
spectra (Fig. 5). The characteristic absorption peak of hydrazone group at ~1620 cm™! was maintained, which is
indicative of the successful introduction of hydrazone group into the CANs. The disappearance of the absorption
peak for epoxy group at around 919 cm™! and the appearance of the absorption peak for hydroxyl group at around

3380 cm! demonstrate the complete reaction of epoxy groups and amino groups.
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Fig. 3 TOF-MS spectrum of HBE.
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Fig. 5 FT IR spectra of HBE, HBE-D400 and HBE-IPDA.

3.2 Thermal and mechanical properties of the dihydrazone CANs

Glass transition temperature (7,) is a significantly important performance index for thermosets, and to some
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extent it determines the application of the thermosets. For comparison, HBE and commonly wsed bisphiesiobiios
epoxy (DER331) were cross-linked with the same curing agent (D400) to achieve HBE-D400 and DER331-
D400, respectively. To facilitate discussion of the phenomenon of the creep in different situations, HBE was
also cross-linked with a relatively rigid hardener IPDA to obtain 7, above topology freezing temperature (7))
In this paper, DSC and DMA were used to characterize the T,s of the dihydrazone CANs (Fig. 6 and Table
1). Obviously, cross-linked with the same curing agent, HBE-D400 exhibited higher 7, than DER331-D400.
This is mainly attributed to the rigid conjugated structure of the hydrazone group in HBE-D400. HBE-IPDA
has the highest T, among these thermosets because of its highest cross-link density (calculate from equation 2
and 3, M., the average molecular weight between cross-link points, reflected the theoretical cross-link density,
n and M respectively represent the molarity and molar mass of the components in the epoxy formulations; and
v, reflected the actual cross-link density, £ is the plateau modulus in the rubbery state at 7, + 30 °C, R is the
gas constant, and 7 is the Kelvin temperature of 7, + 30 °C) and the higher rigidity of IPDA segment than D400
segment.5>-¢* Owing to the excellent stability brought by its conjugated structure, hydrazone group is different
from ordinary Schiff base, and the dihydrazone CANs (HBE-IPDA and HBE-D400) did not exhibit a significant
increase in storage modulus at around 200 °C as Schiff base CAN,'® which would expand the potential

applications of these dihydrazone CANs.

nepoxy'Mepuxy + nhardener'Mhardener

M, =

2)

E' = 3v.RT 3)

Nhardener
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Fig. 6 a) DSC and b) DMA curves of HBE-IPDA, HBE-D400 and DER331-D400.
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Table 1 Glass transition temperature (7,), average molecular weight between cross-link points (M.), storage

modulus at T, + 30 °C (£) and cross-link density (v,) of HBE-IPDA, HBE-D400 and DER331-D400.

Published on 08 May 2020. Downloaded by Uppsala University on 5/12/2020 9:39:35 AM.

T, (°C) M, E’ v,
Sample
DSC DMA (g mol) (MPa) (mol m3)
HBE-IPDA 146 148 995 13.02 1239
HBE-D400 76 88 1225 9.47 1051
DER331-D400 53 56 1146 8.77 1068

Fig. 7 and Table 2 present the mechanical properties of the cross-linked epoxy resins. With the same curing

agent, the cross-link density of DER331-D400 was slightly higher than that of HBE-D400, however, Young’s

modulus and tensile strength of HBE-D400 were obviously higher than those of DER331-D400. This is

attributed to the higher rigidity of the conjugated dihydrazone-containing structure and its related hydrogen

bonding.'® Using IPDA as hardener, HBE-IPDA presented excellent mechanical properties with Young’s
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modulus of 1912 MPa and tensile strength of 97 MPa because of the high cross-link density, wivichlis9a@gestive 98

of the potential of HBE as a monomer for preparing high-performance thermosets.

100
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_ 1 ——HBE-D400
© DER331-D400
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@
g 40
n
20
0& : :
0 8
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Fig. 7 Representative tensile stress-strain curves of HBE-IPDA, HBE-D400 and DER331-D400.

Table 2 Tensile properties of HBE-IPDA, HBE-D400 and DER331-D400.

Young’s modulus Tensile strength Elongation at

Sample
(MPa) (MPa) break (%)
HBE-IPDA 1912451 97+2 7.9+0.3
HBE-D400 1637+46 53+4 5.9+0.2
DER331-D400 1186+14 3643 6.1+0.3

3.3 Malleability and creep resistance of the dihydrazone CANs

Stress relaxation is a crucial feature of CANs, which makes them reprocessable. Here, stress relaxation tests of

HBE-D400 and HBE-IPDA were carried out at elevated temperatures (170-185 °C) by monitoring the decrease

of stress over time at constant strain (5%) (Fig. 8a and Fig. 8b). The characteristic relaxation time (z*) refers to

the time required for the relaxation modulus to decrease to 1/e of the initial modulus. Although HBE-D400

owns lower cross-link density, it exhibited longer 7* than HBE-IPDA. It is mainly due to its high molecular

weight of hardener, resulting in the reduced content of hydrazone group and the increased molecular weight

between cross-link points, which therefore reduced the rate of network rearrangement. It was clear that 7*

decreased with the increase of the test temperature, and the hydrazone exchange followed the characteristic

CANSs’ Arrhenius behavior as defined by equation 4 (Fig. 8c).4
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T* (T) — TO exp (Ea/RT) (4) DOI: 10.1039/D0TA01419B

where 7, is the Arrhenius prefactor, R is the gas constant, and T is the experimental temperature. The E,s
(activation energy of the bond exchange process) of HBE-D400 and HBE-IPDA were calculated to be 95 kJ
mol! and 93 kJ mol!, respectively. The E' of HBE-D400 from 170 °C to 185 °C is 9.47 MPa, and that of HBE-
IPDA in the same temperature range is 13.02 MPa (Fig. 6). T, was defined as the temperature when 7 is 10'2
Pa, 7*s at 7\, of HBE-D400 and HBE-IPDA are calculated to be 3.9x 103 s and 2.7x 103 s, respectively. Using
these values and equation (3) and (4), T, was computed to be 109 °C for HBE-D400 and 105 °C for HBE-IPDA,

detailed calculations are summarized in the supporting information.

q 1.0 b 1.0¢
0.8\ 0.8-
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Fig. 8 Stress relaxation curves of a) HBE-D400 and b) HBE-IPDA at different temperatures. ¢) The fitted curves

between In (z*) and 1000/7, and the calculated £,s of HBE-D400 and HBE-IPDA.

Creep resistance is a crucial indicator for polymers to be as engineering plastics or structure materials. As an

engineering plastics, 7, should be above 100 °C® to guarantee the dimensional stability before 100 °C. As
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shown in Fig. 9 and Fig. S3, there was no creep phenomenon for DER331-D400 at 150 °Cpat: ifidéatesTthatios
thermosets without reversibly covalent bonds will not creep. On account of the dynamic covalent bonds, CANs
are susceptible to creep at relatively low temperature. For CANs, the maximum service temperature seems to
be decided by the topology freezing temperature (7). Even for the CAN with 7, much higher than its 7,, the
creep could occur at the temperature around 7,.'® Thus, creep analysis at different temperatures was subjected to
these CANs for further exploration of the creep resistance. For the dihydrazone CANs HBE-D400 and HBE-
IPDA, their 7,s are 109 °C and 105 °C, respectively, corresponding to the 100% strain recovery during the creep
tests (no creep) at 105 °C for HBE-D400 (Fig. 9a) and at 100 °C for HBE-IPDA (Fig. 9b). This suggests that
both HBE-D400 and HBE-IPDA possessed high initial creep temperature (or maximum service temperature)
above 100 °C, which is higher than that (around 70 °C) of the conventional Schiff base CAN.!¢ This result is
also better than the reported vitrimers with relatively high creep resistance, including the silyl ether-based
vitrimer which has good creep resistance at 80 °C3** and the boronic ester-based vitrimers modified by metal-
ligand coordination.®> For sake of disclosing the nature of the high creep resistance, small-molecule model
dihydrazones DBH and BMH were used to investigate the hydrazone exchange reaction. DBH and BMH could
react to produce a new dihydrazone BMBH following a metathesis mechanism (Fig. 10a). 0.208 g (0.001 mol)
of DBH and 0.236 g (0.001 mol) of BMH were dissolved in 10 mL of DMSO, respectively, and held at 100 °C
(or 150 °C) for 6 h, and GS-MS was applied to monitor this reaction (Fig. 10b). The peak at around 17.7 min
corresponds to DBH, and the peak at around 19.3 min represents BMH. After reaction at 100 °C for 6 h, there
was no additional peak produced. Thus, the hydrazone metathesis of DBH and BMH could not occur at 100 °C,
which suggests that the hydrazone group is a thermally stable group at temperature <100 °C, corresponding to
the high initial creep temperature. When the temperature rose to 150 °C, there appeared a strong peak at around
18.4 min representing a new dihydrazone BMBH. In other words, the hydrazone metathesis of DBH and BMH
could proceed smoothly at 150 °C, which makes it possible for HBE-D400 and HBE-IPDA to relax and achieve

network rearrangement at relatively high temperatures.
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Fig. 9 Creep tests of a) HBE-D400 and DER331-D400, b) HBE-IPDA at different temperatures under 1 MPa

stress. ¢c-d) Diagrams of the samples with ¢) no creep and d) creep during the creep tests.
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Fig. 10 Dihydrazone exchange reaction. a) Model reaction between small-molecule model dihydrazones DBH

and BMH. b) GC-MS spectra of the equilibration of DBH and BMH to BMBH at 100 °C and 150 °C,

respectively.

3.4 Reprocessing Recyclability of the dihydrazone CANs

Reprocessing recyclability is a paramount feature of CANs. Despite the great creep resistance of HBE-D400

and HBE-IPDA, these materials could still be reprocessed in tens of minutes at 180 °C (Fig. 11a and Fig. S4).

Take HBE-D400 as an example, pieces of sample could be recovered into complete films via hot pressing within

45 min at 180 °C under a pressure of 10 MPa. After reprocessing, the chemical structures of the CANs preserved
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well, which could be seen from the FT IR spectra of the original and reprocessed CANs in Figddi1b.12%8/5e&n0intoB

Fig. 11c¢, there was only slightly decrease of the mechanical properties, which might be attributed to the

unrecoverable chain scission within the network during the repeated chopping and hot-pressing molding,3¢ and

after further reprocessing for three times, the mechanical properties of the CANs still maintained well. Take

HBE-IPDA as an example, the sample reprocessed for three times maintained 92.6% tensile strength

of the original one (Fig. S5, Table S1). For conventional Schiff base CANs, the modulus would be increased

on account of the oxidation'® or self-cross-linking of Schiff base,®® while for the dihydrazone CANs, the

modulus was not increased, which suggests that dihydrazone is relatively stable at high temperature.
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Fig. 11 a) Reprocess of HBE-D400 at 180 °C for 45 min under a pressure of 10 MPa. b) FT IR spectra of the

original and reprocessed HBE-IPDA and HBE-D400. c) Representative tensile stress—strain curves of the
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original and reprocessed HBE-IPDA and HBE-D400. DOI: 10.1039/DOTA014198

3.5 Degradation of the dihydrazone CANs

The degradation performances of HBE-D400 and HBE-IPDA were characterized by adjusting temperature, acid
type, acid concentration and solvent. As shown in Fig. 12a and Fig. S6, the degradation of HBE-D400 and
HBE-IPDA presented obvious temperature dependence. Degradation could proceed smoothly at 50 °C with a
fast rate. For example, HBE-D400 could be degraded and completely dissolved in 0.1 M HCI acetone/water
(8/2, v/v) solution within 2 h at 50 °C, while almost no degradation occurred at 23 °C for 48 h. Same
phenomenon occurred for HBE-IPDA. In addition to temperature dependence, the degradation of HBE-D400
and HBE-IPDA also exhibited certain selectivity to organic solvents. Acetone, methanol, DMSO and so on
could significantly accelerate the degradation process (Fig. 12b and Fig. S7). With the high acceleration
efficiency and relatively green feature, acetone was selected as the main solvent in the degradation experiments.
It can be observed from Fig. 12¢ and Fig. S8 that the degradations of HBE-D400 and HBE-IPDA exhibited
acidity dependence. The degradations of the dihydrazone CANs were fast in 0.2 M and 0.1 M HCI solutions
and 0.1 M H,SO, solution, when decreasing the acid concentration to 0.05 M and 0.01 M or replacing HCI (or
H,S0,) with weaker acids, the degradation rate was greatly reduced. This manifests that the acid could catalyze
the degradation of hydrazone bond. Besides, the ratio of water to main solvent in acid solution exhibited great
influence on the degradation. Take 0.1 M HCI water/acetone solution as an example (Fig. 12d and Fig. S9),
when the ratio of water to acetone was 1:9 or 2:8, the degradation rate was fast. As the water content increased,
the rate of degradation decreased, and when the water content was greater than 60%, the degradation hardly
proceeded. With increasing the water content, the solubility of degraded products and the wettability toward the

samples reduced, thus, exhibited a negatively effect on the degradation.*® ¢7
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Fig. 12 Degradation of HBE-D400. a) Different degradation rate in 0.1 M HCI water/acetone (2/8, v/v) solution
at 23 °C and 50 °C. b) Degradation rate in 0.1 M HCI water/main solvent (2/8, v/v) solution with different main
solvent at 50 °C. c¢-d) Degradation rate in c¢) different acid water/acetone (2/8, v/v) solutions and d) 0.1 M HCl
water/acetone solutions with different solvent ratios at 50 °C. e) Degradation mechanism of the dihydrazone
CANSs.

In order to explore the degradation mechanism of the dihydrazone CANs. The small-molecule model
dihydrazone DBH (~2 mg) was used to detect the degradation of dihydrazone structure under acidic condition
(1 mL, 0.1 M HCI water/DMSO-d; (2/8, v/v) solution) at 23 °C. Since hydrazine hydrate is a binary weak base,
the corresponding dihydrazone structure in DBH was degraded in two steps (Fig. S10) of i ) acid-catalyzed
hydrolysis into monohydrazone, ii ) further hydrolysis of monohydrazone. Even so, DBH could be completely

degraded quickly in the presence of a sufficient amount of acid. In other words, hydrazone group possesses
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excellent degradability in acidic environment. During the degradation, dihydrazone CANs were! fivspdepradud o8
into oligomers and dissolved in the degradation solution. As the degradation time increased, the dihydrazone
groups in the oligomers would further degrade. The degradation process of dihydrazone CANs (take HBE-
IPDA as an example) was also monitored by 'H NMR spectra (Fig. S11), there appeared peaks for aldehyde and
monohydrazone, and the peak strength for aldehyde is much stronger than that for monohydrazone. This
suggests that the dihydrazone CANs demonstrated similar degradation process to DBH (Fig. S11), and the
degradation mechanism of the dihydrazone CANs can be summarized as Fig. 12e.

Static contact angle and swelling tests were performed to explain the degradation phenomena described above.
As shown in Table 3, Table S2, Fig. S12 and Fig. S13, the contact angle decreased with the increase of the
acetone content, and the contact angle also changed as the main solvent, which manifests that the wettability of
the acid solutions on these materials varied with the different solvents, corresponding to the different
degradation rates. The better wettability tended to bring about faster degradation. The swelling tests also
presented the same results. In addition, the swelling degree of HEB-D400 increased significantly in the same
solvent (water/acetone (v/v) = 2 : 8) as the degradation temperature increased from 23 °C to 50 °C (Table 3 and
Table S2). The solvent was arduous to penetrate the networks at 23 °C, however, this process would occur

smoothly at 50 °C, as a result, these networks kept stable at 23 °C and could be degraded quickly at 50 °C.

Table 3 Contact angle and swelling degree of HEB-D400 in different solvents at 50 °C.
Main
solvent

Water/Mai
n solvent, 2/8 2/8 2/8 2/8 2/8 10/0 9/1 82 7/3 6/4 5/5 4/6 3/7 2/8 1/9
(Vv/v)

Contact

Methanol Ethanol THF DMSO DMF Acetone

314 359 205 239 440 78.1 77.366.9 62.3 50.938.940.133.427.721.1
angle (°)

Swelling 34
31 14 21 28 2 1 2 6 11 17 23 27 30 38
degree (%) (2%)

*: Swelling test at 23 °C

3.6 Antibacterial properties of the dihydrazone CANs
Hydrazone group has a good antibacterial effect,’® ¢ however, little research has been done for thermosets

containing hydrazone group. In this work, Gram-negative bacteria (E. coli) (a kind of bacteria which is very
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common in our life) was used to test the bactericidal effect of HBE-D400 and DER331-D40®!: A5 eenofrom:os
Fig. 13, DER331-D400 exhibited almost no antibacterial effect, and there were lots of green dots representing
the lived bacteria and almost no red dots representing the dead bacteria. However, HBE-D400 exhibited an
opposite phenomenon, a large number of red dots and almost no green dots were on the typical fluorescent
image. Therefore, the dihydrazone CANs possessed excellent antibacterial properties. Beside the contribution
from the hydrazine group, the methoxy group on HBE should also have some contribution to the excellent
bactericidal efficiency.®® The killing rate of HBE-D400 toward E. coli was as high as 95.8%, which makes it as

potential intrinsically antibacterial materials.

HBE-D400 - o

DER331-D400 | . e
Killing Rate= 3.7% Killing Rate= 95.8%

o~
C S 250} I Dead bacteria

I Live bacteria

50

Bacterial concentration (10*4/cm

o

DER331-D400 HBE-D400
Fig. 13 Fluorescence microscopy images of E. coli on coatings based on a) DER331-D400, b) HBE-D400; c)

Bacteria concentration and killing rate of DER331-D400 and HBE-D400 toward E. coli.

4. Conclusions

A novel dihydrazone-containing epoxy monomer was successfully synthesized from vanillin and hydrazinium
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hydrate, followed by reacting with epichlorohydrin. The epoxy was further cross-linked witha: sofpshardenettos
and a rigid hardener to achieve two dihydrazone CANSs, respectively. On account of the stable feature at
temperature of around 100 °C and excellent exchangeability of hydrazone bond, the dihydrazone CANs could
not proceed creep even at high temperature of ~105 °C and presented superior malleability and reprocessability.
In addition, both CANs exhibited evident command degradability reflected from their temperature, solvent and
acidity dependence, and the dihydrazone structure in networks followed two-step degradation mechanism of

i ) acid-catalyzed hydrolysis into monohydrazone, ii ) further hydrolysis of monohydrazone. Moreover, owing
to the high antibacterial feature of hydrazone bond and methoxy group on vanillin, the CANs presented high
killing rate (95.8%) to Gram-negative bacteria (E. coli). This work provides a promising dynamic covalent motif
to develop CANs which had great potential to be as recyclable and intrinsic antibacterial engineering plastics

or structure materials.
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This work highlights the exploitation of dihydrazone motif to build antibacterial covalent adaptable networks

with no creep at ~105 °C.
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