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Transp aterials have been widely used in applications ranging from packaging to
flexible earable devices, and optical lenses. Nevertheless, soft materials are
susceptﬂachmec anical damages, leading to functional failure and premature disposal.
Herein, wwuce a transparent self-healing elastomer that is able to repair the polymer
network \@nge reactions of dynamic disulfide bonds. Due to its self-healing ability,
the mechaps operties of the elastomer can be recovered, as well as its transparency after
multiple cm abrasion and healing. The self-healing polymer is fabricated into three-
dimension@structures by folding or modular origami assembly of planar self-healing
polymer Ehe 3D polymer objects are employed as storage containers of solid and

liquid substances, reactors for photopolymerization, and cuvettes for optical measurements

(exhibitinr properties to those of commercial cuvettes). These dynamic polymers
show g mechanical, optical, and recycling properties that could potentially be
further in adaptive smart packaging, reconfigurable materials, optical devices, and

recycling of elastomers.
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1. Introd

N
Transparefit soft materials have been extensively implemented on several applications in

optics,[l] t taics,[2'4] biomedical devices,[s’ 6l actuators,[7'9] and sensors,[lo’ " where
transparenc materials is a requirement of the applications in terms of light transmission,
aesthetics Q@t¥ sg¢*through displays. The softness enables the materials to be flexible and

compliant, howe;r, it also makes them vulnerable to mechanical damage (scratches, cracks,

puncturesﬁn, or cutting) and repeated physical stress. These damages consequently

lead to unsami ory performance (loss of transparency due to light scattering) or loss of
functionalmh eventually leads to a premature disposal.

Self-he oft materials offer a promising solution to overcome the loss of functionality
caused echanical damage by recovering the functions and properties of materials in

[14-16]

L . 12, 13
many applications, such as electrical sensors,!'> '*) thermal sensors, or soft actuators'”

18] Self—hehterials have been developed following the two main approaches of intrinsic

(designinlar structure of the materials to contain dynamic reversible covalent or non-
covalent Wand extrinsic systems (loading external healing agents into the matrix of
materiaﬁerestingly, the self-healing mechanisms of intrinsic systems are not only
able to jeir mechanical, electrical, and optical properties but also enable the

reconfigu processing, and recycling of materials. For example, reprocessability and

recycl of self-healing materials containing aromatic disulfide bridges,"*”

[23] [24]

hydrogen—imine bonds," "™ reversible boronic ester bonds, and urethane—hindered urea
bonds'*! were achieved upon thermal compression molding, which activated mobility of

polymer chains, enabling both physical chain diffusion and reversible formation/scission of
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dynamic bonds in the system of polymer network to recover their properties. Recently, efforts

have been devoted to develop reconfigurable systems of diverse 3D shapes using self-healing

polymeric ials via swelling by solvent!*! and transesterification reactions!””’ in polymer

networks.ﬁng could be also obtained by reversible deforming a self-healing
o — . . o .

polymer srough thermal expansion/contraction by activation with infrared light,™ or

through p emory effect in self-healable thermosets.”> **) Therefore, shape-
0

fixing/rec ation of polymers with dynamic bonds can open new fabrication routes via
the trans tigh of 2D into 3D structures, with applications in electronic devices,?" *!!
packagingjbotics,[3 4 and medical devices.*>*"! However, many self-healing polymers
display low anical properties (post-healing ultimate tensile strain < 25%),?” 2! and
containin additives (graphene or carbon nanotubes),”® ?! which limited their

applicatioially for materials requiring a combination of robustness, flexibility, and

transp , an intrinsic self-healing polymer that integrates both outstanding optical

and mechani operties would be a promising material to overcome the issues in optical

and display applications.

Intrinsic  self-healing polymers containing disulfide bonds exhibited excellent healing

)

efficiency at moderate temperature (25—-80 °C) due to low bond dissociation energy (60 kcal

(

[38-42

mol™") of disulfide metathesis reaction. ] Most of the self-healing containing disulfide

%

[22, 38-40, 43, 44]

bonds are yellowish and less transparent, which limited their applications,

t

especially for optical devices and displays. Herein, we introduced a self-healing
polyurethdd polymer containing dynamic disulfide bonds (PU-SH), which was
prepar facile synthesis of polyaddition. The PU-SH polymer was highly colorless
transparent (high®light transmittance) and provided recovery functions of mechanical and
optical properties upon many cycles of damage and healing. The PU-SH polymers could be

fabricated into (three-dimensional) 3D shapes via origami assembly methods of folding and

This article is protected by copyright. All rights reserved.
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modular reconfigurations to obtain 3D structures with seamlessly healed joints. We

demonstrated temporary and permanent 3D shape-fixing of PU-SH polymers by taking

{

advantage its viscoelasticity and dynamic exchange reactions of disulfide bonds. The

features o ffer 3D fabrication of structures and materials for optical applications

[
that requige self-healability and transparency, as well as for packaging applications that can

store liquidgandegolid substances. Then, we further employed the 3D self-healing objects as

G

containers oring chemicals, reactors for photopolymerization, as well as cuvettes for

S

optical m epients of Dynamic Light Scattering (DLS) and Ultraviolet-visible (UV-vis)

spectroscopy (s@wing a performance equivalent to commercial quartz cuvettes).

A

2. Result cussion

dhn

A self: lymer (PU-SH) was synthesized via polyaddition of polytetrahydrofuran

(PTHF) an lohexylmethane 4,4’-diisocyanate (HMDI) to obtain a prepolymer, and

M

consequently reacted with 2-hydroxyethyl disulfide (HEDS) as a chain extender (Figure 1a).

1

An equivalent non-self-healing polymer (PU) was prepared following the same procedure but

used 1,6- ’01 (HDO) as a chain extender instead. The chemical structures of PU-SH

O

and PU polymers were confirmed by 'H nuclear magnetic resonance ('H-NMR)

h

spectr hown in Figure Sla,b (Supporting Information), the signals of both PU-

SH an

L

nd 3.36 and 1.57 ppm were attributed to aliphatic methylene protons of

t

—O—-CH,— and -@H,—CH,—, respectively, and the characteristic peaks around 0.82 — 1.22,

1.91, and pm were assigned to alicyclic methylene protons of backbone in polymer

A

chains. The cteristic peak at around 2.90 ppm correspond to methylene protons of
—CH,—-S— in PU-SH, which was absent for PU, indicating that PU-SH contained disulfide

bonds, but PU did not. Functional groups in PU-SH and PU chemical structures were
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investigated by Fourier Transform Infrared (FTIR) and Raman spectroscopy. The FTIR
spectra displayed characteristic peaks of PU-SH and PU, which included N-H stretching,

CH, symmching, CH; antisymmetric stretching, hydrogen bond (H-bond) C=0O

urethane bond C-N stretching + N-H amide II bending, free —N stretching +

H
N-H amics II bending, C—H wagging in CH,, C—N stretching + N—-H amide III bending, and
C—-O-C stfctching at wavenumbers of 3323, 2920, 2855, 1700, 1532, 1448, 1369, 1229, and
111 ecm™, mvely (Figure 1b). The disulfide bonds in PU-SH were confirmed by Raman

spectra (Figtre ®c) with C-S stretching and S—S stretching at Raman shift of 641 and 510

-1 .
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Figure 1. a) Synthetic routes for the preparation of self-healing polymer (PU-SH) and non-

self-healing polymer (PU). b) Fourier Transform Infrared (FTIR) and ¢) Raman spectra of

PU-SH a !

Q

[
The self- roperties of the disulfide bonds in the molecular structure was verified by
healing sc f PU-SH and PU films at 70 °C for 30 min. The scratch (width ~10 um) on

non-self—%olymer (PU) remained after one healing cycle whereas the scratch on self-
healing p PU-SH) was visibly repaired (Figure 2a), demonstrating that PU-SH was
able to segt 70 °C while PU was not. To quantify the self-healing efficiency of the
polymers,@ormed tensile tests of pristine and healed PU-SH compared with non-self-

healing p U) as a control sample (Figure 2b). The specimens with dog-bone shape

(thickness = 0.2 + 0.1 mm) were cut into two pieces and reconnected again, followed by
healing at 70 or 24 h to obtain healed specimens. The average tensile strength (Gayg) Of
pristine PU and PU-SH was 14.6 £ 1.2 and 8.1 £ 1.1 MPa, respectively with the
correspon%verage ultimate tensile strain (€,y,) 0f 496 + 31 and 625 £ 57%, respectively.

A self-hez cHficiency (a ratio of tensile strength of healed samples to pristine samples)

was calculated to compare the mechanical properties of the healed polymers. The healed PU
displa 1.9 £ 0.2 MPa and &,y, of 92 £ 15%, which was much lower than that of
pristineMsulted in a self-healing efficiency of 13%. On the contrary, the G,y and €ay,
of healed were 8.0 £ 0.8 MPa and 596 + 63%, which resulted in a self-healing
efficien %0. Therefore, the PU-SH polymer that exhibited better self-healing efficiency

than PU, imp that disulfide bonds in the system of PU-SH promoted the self-healing

beyond molecular chain diffusion.

This article is protected by copyright. All rights reserved.
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Figure Z.Eal microscopy images of scratched self-healing polymer (PU-SH) and non-
self—healimer (PU) films before and after healing at 70 °C for 30 min. b) Tensile
stress-strai s of pristine and healed samples for PU and PU-SH. The healed samples
were obtainegealing at 70 °C for 24 h. c) Storage modulus (G') and loss modulus (G"") as

a functions of frequency sweep at different sweeping temperature for PU-SH.

We perfquuency-dependent rheological measurements at different temperatures from

10 to 90 to investigate the lifetime of the dynamic bonds in self-healing polyurethane
polymew and non-self-healing polymer (PU) polymers. Theoretically, a crossover
points bet@rage modulus (G') and loss modulus (G"') in a certain frequency () at
specific tem re is correlated to supramolecular bond lifetime (1/®w) of self-healing

polymers: 491 At higher temperature, exchange reactions of dynamic bonds were faster

which was enable a greater self-healing. As shown in Figure 2c¢ and Figure S2 (Supporting

Information), crossover points between G’ and G"" of PU-SH and PU gradually shifted to

This article is protected by copyright. All rights reserved.
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higher frequency with increasing temperature, indicating that the dynamic exchange reactions

in this polymer sirstem were temperature dependent. At a healing temperature of 70 °C, the

crossover pemis between G’ and G"' of PU-SH appeared at ~0.2 rad/s, which were not
observed s clearly indicates that disulfide bonds play a central role in the healing
 EE—

process. s

Taking a@ of the dynamic bonds, 3D objects were prepared with the PU-SH self-

healing pmne elastomer. The healing property relied on the disulfide bond exchange
takin

reaction, f ilace upon heating the elastomer after damage.!*"" **! The fabrication of 3D

structures formed by folding or assembling 2D planar self-healing polymer sheets

with variglls shapes, as well as by hierarchical assembly of 3D shapes (Figure 3). First, open

n

and close(wcubes were fabricated by folding a 2D planar sheet (Figure 3a and Figure

S3a, Supp@uti formation). The cubes were then covered with a folded PVC hollow close

cube to in its shape upon heating. After cooling, the hollow cube was retrieved by

peelin uter layers. 3D objects could be also produced by assembling 2D polymer
sheets (Figure 3b). Herein, we took advantage of the self-healing property of the elastomer to

join the plﬁets. A closed hollow cube was assembled by joining 6 square planar sheets,

which weovered with PVC and followed by heating. A closed hollow cylinder was
also asse y joining 1 rectangular and 2 circular sheets (Figure S3b, Supporting
Infomeﬁwed by heating. Moreover, hierarchical 3D objects could be assembled
from modj objects (Figure 3c). For example, closed hollow rectangular prisms were

fabricated e assembly of two open hollow cubes, followed by sealing of their edge.

<
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Figure 3mutual scheme and photographs for shape programming of self-healing

polymer sheets Using a) folding of two-dimensional (2D) shapes, b) assembly of 2D shapes to

create 3D Eand ¢) hierarchical assembly of 3D shapes.

Due to thlity of the material, these 3D structures can be potentially recycled to form

other s. Therefore, the stability of self-healing polymer (PU-SH) after shape
programmj s investigated by quantifying the viscoelasticity of material after several
cycles of shape-fixing. The shape-programming was conducted through a cycle of thermal

treatment Mng PU-SH film (thickness = 0.30 £ 0.02 mm) at 70 °C for 24 h, and then

cooling d °C. After 3 cycles of thermal treatment, the storage modulus (G") and loss

modulus o f thermal treated PU-SH were comparable to pristine PU-SH (Figure S4a,
Suppogation). The results implied that the residual energy in PU-SH after several
cycles of hange did not change significantly, and that PU-SH maintained its stability
after sha w® We also examined viscoelastic behavior of the PU-SH polymer after
several of deformation. Circular 2D sheets were folded along their diameters at an

angle of 90 °and%heated at 70 °C. The sheets were peeled off and flattened to yield circular
planar sheets. The pristine circular sheet as well as the circular sheets recovered after several

cycles were subjected to dynamic mechanical analysis (DMA) under oscillation strain sweep

This article is protected by copyright. All rights reserved.
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at 25 °C (Figure S4b, Supporting Information). The storage modulus (G’) at linear

viscoelastic region (a strain of 0.1%) of pristine and after cycles of deformation was not

signiﬁcan@ (~ 0.10-0.11 MPa) as shown in (Figure S4c, Supporting Information),

implying
 EE—
deformed §everal times. G’ of the self-healing polymer (PU-SH) was larger than for self-

coelastic properties of the PU-SH polymer did not change after being

healing pg(urcthane-urea)*’ (G’ = 0.2 MPa) and thermoplastic polyurethanes!*® **! (G’ =

0.01-0.01 mat an oscillatory strain of 0.1% at 25 °C. Objects with this polymer could be

reconfigurc@se¥ral times without loss of viscoelastic properties.

1U

a)ioo b) 100 ) 120
I———— -0~ PU-SH

E—w sIIiIIEEiEsaNmERERasEanaEe L] EBD | 1008 --O- PS Abrasion
Y = — 80 Abrasion I - R
o PU-SH g ol Ps £ L o
2 -= = Quartz glazs - -+ - Cuariz glass 2 enl Y
£ 40 —— Pristirue Enﬂ —— Pristine L
S «=== 1% abcasion § | === 1% abrasion aol
= —— 1% haaling = — 1% haaling

20 smen 20 gheasion 20 =mae 20 ghcsion 20k ;

— 2™ healing — 2™ healing ; L !
1] . . 0 Ok & 2] q-
300 400 500 600 TOO BOO 300 400 500 600 VOO 800 . Prsting Healing Hesali
d Wavealangth (nm} Wavalangth (nm) Healing cycle
} Healing
PU-SH f VISTEC . VISTEC ] VISTEC
Abrasion ; Abrasion ' =
Healing
PS VISTEC j VIS x VINTFG
Abrasion j e

Figure 4. ialtravi"let—visible (UV-vis) light transmittance (T,) spectra of pristine and abraded

samples f 1f-healing polymer (PU-SH) substrate (thickness = 0.78 + 0.02 mm) and b)
a polystyrene substrate (thickness = 1.0 mm). ¢) Average haze values over 380—780 nm
of PU- PS substrates after abrading with an abrasive paper and followed by healing at

70 °C. d) Photographs showing a reversible and irreversible change of haze appearance for

PU-SH and PS after 40 cycles of abrasion, and healing.
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The PUmaling polymer exhibited high transparency, with a 92.8% transmittance in
the 380-2@@ of visible wavelength. Quartz glass and polystyrene (PS) used as
cuvettea w a transparency of 93.3% and 87.6% respectively (Figure S5, Supporting
Informatiw a measured transmittance spectra similar to previous reports in the
literature.@nsidering that quartz and PS are commonly used in optics and are used as
consumab ike transparent containers such as cuvettes), self-healing PU-SH can
potentiallMore durable alternative with equivalent optical properties. Furthermore, the
surface of convsnional cuvettes (quartz glass or PS) can be accidentally marked with

scratches sions, which can cause scattering of the light, making them invalid for

accurate measurements and hence requiring replacing of the cuvettes, which presents

opportuni self-healing and transparent materials. To test the feasibility, a PU-SH
cuvett aoricated by folding the corresponding 2D sheet into open rectangular prisms
(Figur pporting Information), and the optical properties of the PU-SH and PS under a

treatment of abrasion and healing were analyzed. After abrasion, the intensity of transmitted

light (T>) hH and PS substrates decreased while the intensity of scattered light (T4)

increased 4a,b and Figure S7a,b, Supporting Information). The appearance of the

substrates was compared by estimating their haze values (Figure 4c,d). The haze
values &PU-SH and PS substrates was 0.3 £ 0.1% and 0.8 = 0.2%. After abrasion,
the haze PU-SH increased to 80.0 + 1.8% and 86.9 + 1.7% for the first and second
abrasion Brespectively. The haze values of PU-SH surfaces returned closely to the

origina@ncy after healing (0.5 + 0.2% and 0.6 £ 0.3% for the first and second

healing, respectively). On the other hand, the haze value of abraded PS substrate was 71.6 +
0.5% and remained as 71.6 = 0.5% after being subjected to a healing cycle at 70 °C. The haze

value of abraded PS substrate increased to 88.2 + 1.4% when it was further abraded for 40

This article is protected by copyright. All rights reserved.
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cycles, while the high transparency and low haze for PU-SH was recovered. This suggests

that PU-SH can potentially be used as a self-healing and transparent materials platform for

durable optical devices to robustly handle liquids, rough manipulation, and recover its
properties h, abrasion, or other types of mechanical damage.
 EE—

To demo

[

practical application of PU-SH cuvettes (Figure 5a), we tested their

performari€e andd compared it to that of standard cuvettes in UV-vis spectroscopy and

C

dynamic lm{tering (DLS) measurements. First, we quantified the concentration of dyes

in aqueous solttions, using methylene blue as a model dye. Calibration curves displaying

J

absorbance agaim$t concentrations were created for solutions measured in the SH cuvette
(Figure Suff; s a control experiment, the calibration curve was also created for samples

measured 1n the quartz cuvette (Figure S8, Supporting Information). Then, two solutions with

an

specified of methylene blue in water (0.56 ppm and 2.40 ppm) were prepared and
analyz ¢ quartz and SH cuvettes. The measured concentrations were 0.57 £ 0.01 ppm

for bot f cuvettes for the lower concentration, and 2.40 £ 0.02 ppm and 2.39 + 0.03

V]

ppm were measured in the self-healing and quartz cuvettes respectively for the upper

concentra .40 ppm).

) |

E
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Figure 5 clf-healing plastic cuvette (SH cuvette) used for Ultraviolet—visible (UV-vis)

absorption an amic light scattering (DLS) measurements. b) Ultraviolet—visible (UV-vis)

absorption spectra of methylene blue aqueous solution with various concentrations. The inset

plot is relationships between UV-vis absorbance at A;.x = 664 nm and concentrations of
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methylene blue aqueous solutions. ¢) UV-vis absorption spectra of methyl orange aqueous
solutions at pH 4 and 10. d) Average hydrodynamic diameters (Dy) and polydispersity index

(PDI) of mliﬁnoparticles measured using different types of cuvettes.

To furthe(%e the applications of PU-SH in optical measurements, the PU-SH cuvettes
were usewasure the UV absorbance of methyl orange. Methyl orange displays a
wavelengmﬁmum absorbance at 464 nm for pH 10 and at 475 nm for pH 4. The
absorbanc of an aqueous solution of 4 ppm methyl orange at pH 10 and 4 were
almost id or all types of cuvettes, observing the expected shift in the maxima (Figure

5c and Figure S9, Supporting Information). To expand the use of SH cuvettes to other optical

measuremispersion of silica nanoparticles was measured by dynamic light scattering

)

(DLS). An ant feature of cuvettes for DLS is that they should not scatter light as well
as not abso light at the wavelength (A) of the laser, here A= 660 nm. The average
hydrod eters of the silica nanoparticles measured in the quartz, polystyrene (PS),

and self—kgling (SH) cuvettes were 30 £ 1 nm, 32 £ 1 nm, and 31 £ 1 nm, respectively

(Figure SCOpolydispersity index (PDI) determined in the quartz, PS, and SH cuvettes

were 0.18, nd 0.18. These DLS and UV-Vis experiments showed that the PU-SH self-
healing c:‘ette can be successfully used for measurements of hydrodynamic diameters and

absorbawt loss of accuracy and without limited durability.

In additiomal measurements, PU-SH elastomers can be used as transparent containers
to encaps nd seal various solid and liquid chemicals. First, a hollow cylinder was filled
with an aque lution of rhodamine B by injecting with a syringe needle (Figure 6a), and
subsequently healing the punctured hole. The PU-SH capsule did not show any leakage of the

fluorescent dye. Due to its dynamic properties, the shape of the container with the sealed
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liquid inside can be reconfigured on demand to fit the needs of application. A hollow cylinder

filled with an encapsulated rhodamine B aqueous solution was deformed by mechanical

compressioﬁemperature of 25 or 70 °C. Whereas the cylindrical shape was recovered

after defo 5 °C (Figure S10, Supporting Information), the shape was permanently
 EE—

fixed aftexShe heat treatment at 70 °C (Figure 6b). This shows that the PU-SH containers can

be defo eitligr temporarily or permanently (fixing their shape) under mechanical stress
without le%e encapsulated liquid.
a) ;;

Ly,

UV light

Encapsilation 1 Injecting |~ Healing

Self-healing cylinder ;
=

—q

Rhodamine B
aqueous solution

Healing Coaling
— —

il Punctured PU-3H cube

L % |

‘
|

~&'min o R

Figure& sealing of cylindrical recipient of self-healing polymer containing an

aqueous S of Rhodamine B. A closed hollow cylinder (left) was filled with the dye

solution ring the upper face of cylinder with a needle to inject the dye solution
(middlqj by healing the punctured surface at 70 °C for 24 h (right). b) 3D shape
fixing of a self-l€ling polymer cylinder containing an aqueous solution of Rhodamine B by
mechanical compression at 70 °C. c) 1) Sealed and i1) punctured self-healing hollow polymer

cubes containing sodium hydride (NaH) were immersed in an acidic aqueous solution (pH
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~5) for 5 min. After 1.5 h of immersion, the pH indicator strip (McolorpHast™, Merck) in the

aqueous medium for the sealed cube displayed different shades of yellow colors, indicating a

R

constant p f the medium whereas the pH indicator strip turned to yellow, orange, and
dark blue e punctured cube, indicating pH =10.

N
To verify ective sealing of the PU-SH transparent container, sodium hydride was

encapsulawen hollow self-healing cubes, which were sealed by heating, thus taking
advantageBynamic disulfide bonds of the elastomer (Figure 6¢). Sodium hydride was
selected as a test material because it reacts violently with water to yield hydrogen gas and
sodium h)m, and therefore any leakage is easily detected as gas bubbles and a sharp
increase im sealed PU-SH cube containing sodium hydride was immersed in aqueous
solutio at 25 °C (Figure 6¢-1). After 1.5 h of immersion, the self-healing hollow
cube could in its shape with intact 3D structure, resulting in a constant pH =5 without
any visible leakage, indicating that the sealing is effective. In parallel, an analogous PU-SH

cube conf@ining sodium hydride was punctured and then immersed in a pH 5 aqueous

1

solution ®6c-ii). The formation of bubbles in the surrounding of the cube was
immediately Observed in the punctured cube (attributed to the formation of hydrogen gas due
to reacty 1 ter), and the pH indicator strip turned to different colors of yellow, orange,

dark blM‘lt yellow, indicating pH =10 due to the generation of hydroxide ions upon

4

reaction with wag@r. This experiment showed that the sealing of PU-SH 3D objects by healing

was effici allows to use them as recipients for protecting chemicals from their

A

environme
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As an example of an encapsulation proof-of-concept application where the self-healing and
transparent properties are necessary, we used PU-SH hollow cubes as customizable and

recyclable r r for photopolymerization (Figure 7).

Trimetlallo BroBane triacrylate (TMPTA) was labelled with rhodamine B dye and was
encapsulaMe hollow closed PU-SH cube. Then, TMPTA was photopolymerized under
uv irradi(ion. >fter curing, the PU-SH cube was cut and open, and a cube of PTMPTA

could be olded and released from the hollow cubic mold. The cut PU-SH molds

S

were then r€ConStituted and recycled after healing. This demonstration of PU-SH molds, in

addition to the fact their shapes can be reconfigured to the desired mold geometry, shows

u

promise ble and recyclable reactors with customizable shapes for flexible 3D

fabrication.

ara

J -
r"-a.H UV light
UV light b Tl
D i) Encapsulation i) Photopalymerization
S »
i I vi) Recycling i) Demolding l

v) Healing iv) Reconstitution

- -—

P

Figure 7. @ization of a hollow closed cube as reactor for the photopolymerization of
trimethylol e triacrylate (TMPTA). TMPTA was labelled with Rhodamine B. 1)
EncapsﬂTMPTA by puncturing the upper face of the cube with a needle (18G),
followed by heating at 70 °C for 24 h. i1) Photopolymerization of TMPTA under UV light at

a wavelength of 365 nm for 2 min. iii) Demolding by cutting the hollow cube to obtain the
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cured TMPTA object. iv) Reconstitution of the cut hollow cube at 25 °C. v) Healing at 70 °C

for 24 h to obtain a healed hollow cube. vi) Recycling of the healed hollow cube.

{

3. Conflu

[

Transpareg® poRurethane PU-SH elastomers have been functionalized with self-healing

properties through the incorporation of dynamic disulfide bonds in the polymer network. By

5

leveragin sg#dynamic bonds, 3D polymer structures can be fabricated by folding and

modular assembl§ of 2D flat sheets, followed by a thermal healing process with seam-free

U

joints. Th eated objects preserve their transparency (92.8% transmittance) and their

I

mechanic ty after multiple cycles of shape-fixing and healing, which enables the

customizagio 8D structures and their recycling for multiple uses. For these reasons, PU-

a

SH po ent opportunities as a materials platform for optical devices. We have

fabricated cuvettes for UV-vis spectroscopy and dynamic light scattering with

)1

performance and accuracy equivalent to quartz cuvettes. In addition, PU-SH cuvettes can heal

scratch, CM abrasion damage in their surface that would typically compromise their
function, extend their durability and their lifetime beyond typical limitations. Last,
we have e the use of hollow PU-SH 3D structures as deformable but sealable
contai encapsulation and protection of chemicals and as reconfigurable and

recyclabl*eac!ors. We envision that such reconfigurable, transparent, self-healing polymers
could be used t;design adaptive smart packaging, reconfigurable optical devices, and 3D

actuators.

4. Experimental section
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Materials: Polytetrahydrofuran (PTHF, M, ~ 1000 g mol™', Sigma-Aldrich) was dried at 120

°C under Vacuuﬁ for 2 h before use. 2-Hydroxyethyl disulfide (HEDS, >85.0%, Sigma-

Aldrich), nediol (HDO, >97.0%, TCI Chemicals), dibutytin dilaurate (DBTDL, 95%,
Sigma-Algclohexylmethane 4,4’-diisocyanate (HMDI, >90.0%, TCI Chemicals),
 EE—

Rhodamirsﬁ ‘C.I.45170 for microscopy, >98.0%, Sigma-Aldrich), sodium hydride (60 wt%,
dispersim@afﬁn liquid, TCI Chemicals), methyl orange (sodium salt, LabChem
Chemicals)g twmgthylolpropane triacrylate (TMPTA, >75.0%, TCI Chemicals), methylene
blue solutmcentration =15 g-L™!, Sigma-Aldrich), hydrochloric acid (HCI, 37%, Carlo
Erba), soadroxide (NaOH, >97%, Carlo Erba), Ludox® TM-40 colloidal silica (40
wt% suspEnin water, Sigma-Aldrich), tetrahydrofuran (THF, >99.9%, Carlo Erba), N,N-
dimethyla e (DMAc, >99.0%, TCI Chemicals), and nichrome wires (20 wt%
chromiumﬁl, diameter = 0.2 mm) were used as received. Deionized (DI) water was
used throu the experiments. Polyvinyl chloride (PVC) sheets with a thickness of 0.13
mm ( , China) were laminated with a polyester adhesive tape (3M, USA). The
bilayer mgterials were used for the fabrication of 3D objects, the polyester adhesive tape
layer being in_contact with the self-healing polyurethane.

Synthesis aarent polyurethanes: PTHF (20.1 g, 20.1 mmol) was first melted in a 250
mL rouﬂﬂask at 70 °C. HMDI (15.2 mL, 62.3 mmol) was then added into the flask
and stiWe a well-mixed mixture, followed by addition of DBTDL (38 puL, 0.06
mmol). A reaction, a viscous prepolymer solution was obtained and diluted with
DMACc (80 mL) gT'he flask was then connected to a digital overhead stirrer (RW 20, IKA)
with a rafluoroethylene-coated propeller for stirring the viscous polymer solution.
HEDS (5.2 mL, 41.5 mmol) was then charged into the solution and the reaction was allowed

to proceed at 70 °C for another 16 h to obtain a self-healing polyurethane (PU-SH). The

solution of PU-SH after reaction was diluted with DMAc (55 mL) and THF (20 mL).
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A polyurethane without self-healing ability (PU) was prepared following the same
aforementioned procedure with the exception that HEDS was replaced by HDO (4.97 g, 42.0
mmol), 4? MAc was used during the reaction (12 h), and that 90 mL DMAc and 20 mL
THF wer iluting the polymer solution after reaction. The apparent weight-average
N .
moleculargweight (M,,), the apparent number-average molecular weight (M,), and the
molecular ggeighg distribution (MWD) of PU-SH were 77 500 g mol ™', 34 000 g mol ™', and
2.28, respe . My, M,, and MWD of PU were 119300 g mol_l, 63600 g mol_l, and 1.88,

respectivem

Fabrication o objects from 2D polymer sheets or 3D polymer objects: 2D polymer sheets

U

were prepﬁcasting the obtained polymer solution in glass petri dishes with a diameter

of 150 m Ims were dried at 60 °C under vacuum for 4 days to obtain polymer sheets

with a thi@ 0.78 £ 0.02 mm. Sheets with various 2D shapes were prepared by cutting
the cir . Dyed 2D sheets (1.54 mg Rhodamine B/g polymer or 0.09 mg methylene
blue/g pol ere prepared followed the same procedure. 2D planar self-healing polymer
sheets were then folded into closed hollow cubes (6 faces) and open hollow rectangular
prisms (5 MWhich were covered with PVC hollow cubes and open hollow rectangular
prisms to @ their shapes during heating at 70 °C for 24 h. Similarly, closed hollow
cubes (6 fa and closed hollow cylinders (3 faces) were prepared by assembling
correspﬁ sheets, which were covered by the corresponding closed hollow PVC
scaffolds,o%d by heating at 70 °C for 24 h. Closed hollow rectangular prisms (6 faces)

were obtain assembling open hollow cubes (5 faces), which were covered with open

PVC hol es, followed by heating at 70 °C for 24 h.
Photopolyme jon inside self-healing hollow cubes: Photopolymerization of mixture of

Rhodamine B in TMPTA (280 mg, 0.3 mg Rhodamine B/g TMPTA) was carried out with a

ultraviolet-visible (UV) LED lamp (Awellcure, model 260%260, UV intensity = 27.2 mW
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cm ) for 6 min at a wavelength of 365 nm. The distance between the lamp and the TMPTA
in a hollow cube was 5 cm.

Characterd mechanical and self-healing properties: For healing of scratches on the

polymers,

H
(width = Is pm) on the films, and healed at 70 °C for 30 min. The optical microscopy images

r films of PU and PU-SH were cut using a cutter blade to give a scratch

were reco@ng an optical microscope (IX73, Olympus). Tensile test specimens of PU
were p

and PU-SH repared as dog-bone shaped specimens with an overall length of 30 mm, a

gauge lenZVof0 mm, a width of 5 mm, and a thickness of 0.2 + 0.1 mm. The healed
specimens were Srepared by cutting the pristine films in half using a cutter blade, then the
two piecegut together again and healed at 70 °C in an oven for 24 h. Mechanical

tensile tes erformed in triplicates using a texture analyzer (TA.XT Plus, Stable Micro

Systems) @ain rate of 60 mm min ™" at 25 °C.

Rheologic rements: For the investigation on frequency sweep, shape programming of
the sel lymer was carried out by heating a polymer film (thickness = 0.30 £ 0.02
mm) on aslass substrate at 70 °C for 24 h and subsequently cooling down to 25 °C for 3 h,

which is dﬁsl, a cycle of shape programming. The polymer film from each cycle was cut

into a circ (diameter ~8 mm) and then subjected to rheological measurements. The

rheologics properties of polymers were performed using a rheometer (HR30, TA

instrum“ shear mode with a parallel plate (diameter = 8 mm) under a frequency

sweep 0.01 to 109 rad/s between 10 and 90 °C. Specimens were compressed with 1.0 N prior

Ul

measuremen the measurements on strain sweep, Circular flat polymer sheets (thickness

A

=0.78 =08 m) were bent along the chord passing the center of the circle (diameter) to an
angle of 90 °. The bent circular sheets were deposited on two perpendicular glass slides,

followed by heating at 70 °C for 24 h. The resulting bent polymer sheet was recovered to the
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original planar shape by unfolding on glass slides and heating at 70 °C for another 24 h.

Three cycles of deformation/recovery of the polymer sheets were carried out. Samples before

bending, ﬂcyole of deformation/recovery were subjected to dynamic mechanical

analysis (|
H I
rheometm!(HR20, TA instruments) with a parallel plate (diameter = 20 mm) under a

eriments. DMA were performed in a shear mode at 25 °C using a

frequency@-)z and a dynamic strain sweep of 0.01 to 100%. Experiments were carried

out in triplicates.

Protecting and sealing substances in hollow 3D self-healing containers: Sodium hydride
(71.90 mbded in open hollow cubes (edge = 8 mm). The cubes were then closed with

a square s!eet (edge = 8 mm) and heated at 70 °C for 24 h. One intact hollow cube, and one

cube whicmnctured with a needle (18G) at three difference positions on the upper face

of the cub&¥(c | sample), were then immersed in 30 mL of a HCI aqueous solution (0.83
mM) at r 1.5 h. A pH indicator strip (McolorpHast™, Merck) was used to monitor
the pH aqueous solution after 1.5 h. In another experiment, 0.2 mL of an aqueous

solution oi Eiodamine B (0.3 mg mL™") was added in a closed hollow cylinder by puncturing

the upper f: the cylinder with a needle (18G), followed by heating at 70 °C for 24 h.

UV-vis absorztion and dynamic light scattering (DLS) measurements with a self-healing

cuvettej hollow rectangular prism (12.5 mm x 12.5 mm x 45 mm) and a wall’s

|

thickness .75 mm was prepared according to the aforementioned procedure applied to the

J

fabrication of 3D&bbjects. The hollow prism was then used as self-healing cuvette.

25 uL 1 aqueous solution (0.05 M) or 25 uL of a NaOH aqueous solution (0.05 M)

A

were mixed with 10 mL of a methyl orange aqueous solution (0.004 mg mL™") to obtain
acidic (pH = 4) and basic (pH = 10) methyl orange solutions, respectively. The UV-vis

absorbances of the methyl orange aqueous solutions were measured separately with a
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wavelength range of 340 to 800 nm in the self-healing cuvette, a quartz cuvette with a

pathlength of 10 mm (Hellma analytics), and a polystyrene cuvette with a pathlength of 10

mm (VW ational) at 25 °C. The normalized absorbance of methyl orange aqueous

solutions the SH cuvette was divided by 1.1 to take into account the difference
H

of pathlensh according to the Beer-Lambert’s law. To construct calibration curves, UV-vis

absorbancg@of Mycthylene blue aqueous solutions (0.25, 0.50, 0.75, 1.00, 3.00, and 5.00 ppm)

were measu eparately in the self-healing and quartz cuvettes. Aqueous solutions of 0.56

and 2.40 mhylene blue were then measured separately in the two different cuvettes.

Experiments weScarried out in triplicates.

Hydrodyr@meters (Dy) and polydispersity index (PDI) of 3 mL of a silica dispersion

(0.53 wt% in water) were separately measured by dynamic light scattering (DLS) with the

self-heali artz, and the polystyrene cuvettes at 25 °C. Experiments were carried out
in triplt
Analyt s: The nuclear magnetic resonance (NMR) spectra were recorded with a

600 MHz Wectrometer (Avance III HD, Bruker) at 30 °C in THF-d8. Raman spectra of
the pol e collected on a Raman microscope (inVia, Renishaw, UK) under a 20x
microscy:pgﬁcation using a laser excitation wavelength of 532 nm with grating of 1800
lines w&pectra were recorded between 200 and 1000 cm™' for 10 s of an exposure

time at Mrier transform infrared spectroscopy (FTIR) spectra were recorded using a
FTIR spectromeir (Nicolet iS20, Thermo Fisher Scientific) on Attenuated total reflectance
(ATR) m a wavenumber range of 400-4000 cm™' by 64 scans at a resolution of 4
cm'. The nt molecular weights of polymer were measured by gel permeation
chromatography (GPC, Viscotek TDAmax, Malvern) with a refractive index detector and

three single-pore GPC/size exclusion chromatography columns (6, 7, and 10 um particle size,
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linear M). Polymer solutions in THF were filtered through a 0.45 mm pore size PTFE

membrane filter and measured at 35 °C with a flow rate of 1 mL min~'. The system was

{

calibrated il polystyrene standards (PSS, Mainz). UV-vis absorption and UV-vis

transmitta a were recorded with a UV-vis spectrometer (Lambda 1050,

[
PerkinElnger). Baseline correction was carried out with air before measuring UV-vis
transmitta the samples. The hydrodynamic diameter of silica nanoparticles was

measured b amic light scattering (DLS, NanoPlus, Particulate systems).

SC

For the detefmination of optical transmittance and haze, rectangular self-healing polymer (1.2

cm x 2.6

U

.78 mm) and polystyrene (1.2 cm x 2.6 cm x 1.0 mm) substrates were

subjected cycles of abrasion with a 1000 grit SiC abrasive paper and followed by

£

healing at °Cqin an oven for 24 h. The haze values of pristine, abraded, and healed

a

substrates werc®ealculated using the following equation: Haze (%) = (% — %)-100 where T,
2 1

is the total in t light, T, is the light transmitted by sample, T3 is the light scattered by

M

instrument, and T4 is the light scattered by instrument and sample, which were averaged over

a visible Wavelength range of 380-780 nm. The abrasion—healing cycles were performed in

f

duplicates

O

mation
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Conversi lanar polymer sheet into 3D objects is achieved with a reconfigurable
transp<elii—healing elastomer. The 3D self-healing transparent objects can form
containers for St8ring chemicals, reactors for photopolymerization, which can be reused,

reshaped, and recycled.
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