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Optically healable polymers represent an interesting stimuli-responsive self-healing mate-
rial as the healing process can be controlled on-demand and remotely. The fundamental
mechanism of the light-activated interfacial self-healing process has not been theoretically
understood. Here, we present a theoretical framework to understand the light-activated in-
terfacial self-healing of soft polymers with light-responsive photophores. We consider that
the light propagation through the material matrix triggers the production of free radicals
that facilitate the interfacial self-healing process. The self-healing process is considered as
a coupled behavior that polymer chains diffuse across the interface and re-form the dy-
namic bonds assisted by the free radicals. We theoretically relate the light property to the
interfacial self-healing strength of the polymers. We predict that the interfacial self-healing
strength of the polymer increases with the light illumination time until reaching a plateau.

We theoretically explain the effects of the light intensity, light wavelength, and photoini-
tiator concentration on the self-healing performance. We then apply the theory to two
types of soft polymers with inorganic and organic photophores, respectively. The experi-
mentally measured stress-strain behaviors of the original and self-healed samples can be
consistently explained by the theory. The experimentally measured relationships between
the healing strength and the healing time also agree well with the theoretical results.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The self-healing polymers capable of self-repairing fractures or damages have shown great potential in a number of appli-
cations, such as flexible electronics (Tee et al., 2012), energy storage (Wang et al., 2013b), biomaterials (Brochu et al., 2011),
and robotics (Terryn et al., 2017). These self-healing polymers, either relying on encapsulates of curing agents (Blaiszik et al.,
2010; Cho et al., 2006; Keller et al., 2007; Toohey et al., 2007; White et al., 2001), or various dynamic bonds (Bhattacharya
and Samanta, 2016; Burnworth et al., 2011a; Chen et al., 2002, 2012; Cordier et al., 2008; Ghosh and Urban, 2009; Haraguchi
et al., 2011; Holten-Andersen et al., 2011; Hu and Chen, 2014; Liu et al., 2015; Mayumi et al., 2016; Nakahata et al., 2011;
Phadke et al., 2012; Rose et al., 2013; Satarkar et al., 2010; Sijbesma et al., 1997; Skene and Lehn, 2004; Sun et al., 2012,
2013; Wang et al.,, 2013a, 2013b, 2017, 2010; Yu et al., 2018b), can usually activate the interfacial bridging mechanism un-
der an adequate condition when the fractured interfaces are brought into contact. Among these self-healing polymers, the
ones with self-healing behaviors responsive to the remote stimuli are especially interesting; because the remote stimuli can
usually be delivered locally to achieve on-demand self-healing performance.

Optically healable polymer is a type of stimuli-responsive self-healing polymer that harnesses the external visible or
ultraviolet (UV) light to activate the self-healing reaction around the fracture interface (Amamoto et al., 2011, 2012; Balke-
nende et al., 2016; Burnworth et al., 2011b; Fiore et al., 2013; Froimowicz et al., 2011; Habault et al., 2013; Ji et al., 2015;
Ling et al., 2012; Liu et al., 2013; Michal et al., 2013; Otsuka et al., 2010; Yu et al., 2018a; Zhang and Zhao, 2013). Within
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the optically self-healable polymers, a special photo-responsive chemical group called “photophore” is incorporated within
the polymer network. When two fractured interfaces are brought into contact under the exposure of light with an adequate
wavelength, the light-triggered free radicals will activate the photophore to facilitate the polymer-chain rebinding to bridge
the fractured interface. The photophores can usually be divided into two types: organic photophores and inorganic pho-
tophores. The organic photophores include special photo-responsive organic chemical groups (Amamoto et al., 2011, 2012;
Balkenende et al., 2016; Froimowicz et al,, 2011; Ji et al., 2015; Ling et al,, 2012; Michal et al., 2013; Otsuka et al., 2010).
The inorganic photophores include metal-organic frameworks (Burnworth et al., 2011b) and nanoparticles or nanosheets (Liu
et al., 2013; Yu et al.,, 2018a). These optically healable polymers with diverse photophores provide a representative paradigm
of stimuli-controlled self-healing and offer great potential for a wide range of on-demand healing applications (Fiore et al.,
2013; Habault et al., 2013).

Despite the great potential, the theoretical modeling of the underlining self-healing mechanism of the light-activated
self-healing is not available. Though mechanics models for the constitutive behaviors of light-activated polymers have been
proposed (Long et al., 2011, 2009, 2013; Ma et al., 2014), how to model the light-activated interfacial self-healing behavior
remains elusive. For example, how the light activates the photophores during the self-healing process remains unknown.
How the light-triggered free radicals activate the polymer chain evolution around the healing interface remains unclear. And
how the light properties including intensity and wavelength affect the self-healing performance is also ambiguous. If theo-
retical models for the light-activated interfacial self-healing are successfully established, the future design and optimization
of these materials will be significantly facilitated. The theory may also be extended to model the self-healing behaviors of
polymers under various other stimuli, such as heat, pH value, and electromagnetic fields (Blaiszik et al., 2010; Burattini et al.,
2010; Roy et al., 2015; Thakur and Kessler, 2015; Wool, 2008; Wu et al., 2008).

Here, we establish a theoretical framework to model the light-activated interfacial self-healing of light-responsive poly-
mer networks. We consider that light-triggered free radicals around the healing interface can facilitate the interpenetration
of the polymer chain to bridge the fracture interface. We consider two groups of coupled diffusion-reaction systems around
the healing interface: one for the light-activated production of free radicals, and the other for the polymer chain diffu-
sion and distal-group binding kinetics. We apply the theoretical framework to two types of soft polymers with inorganic
nanoparticle photophores and organic photophores, respectively. We predict that the healed interfacial strengths for both
polymers increase with light-illumination-associated healing time until reaching plateaus. We also elucidate the effects of
the light intensity, the light wavelength, and the photoinitiator concentration on the self-healing performance. The theoret-
ical calculations can consistently agree with the experimental results of light-activated self-healing of soft polymers with
inorganic and organic photophores, respectively.

The plan of this paper is as follows: In Section 2, we introduce the experimental procedure and results of optically
healable TiO, nanocomposite hydrogels. In Section 3, we construct the theoretical frameworks of light-activated produc-
tion of free radicals and radical-assisted polymer-chain interpenetration across the healing interface. We then apply the
theories to soft polymers with inorganic nanoparticle photophores and organic photophores, respectively. Subsequently, in
Sections 4 and 5, we present the theoretical results of light-activated self-healing of soft polymers with respective inorganic
and organic photophores. The theoretical results are compared with the corresponding experimental measurements. The
conclusive remarks are presented in Section 6.

2. Experiments of hydrogels with inorganic photophores TiO, nanoparticles

We will study the light-activated self-healable polymer networks with nanoparticle and organic photophores. The exper-
iments of light-activated self-healable polymer networks with organic photophores are shown in (Amamoto et al., 2012). We
introduce the experiments of light-activated self-healable polymer networks with representative TiO, particle photophores
in this section. We hope the study can be extended to explain other light-activated self-healable polymer networks with
various particle photophores.

TiO, nanoparticles dispersion (Anatase, 15 wt%, 5-15nm, crosslinker) was purchased from US Research Nanomateri-
als. Acrylamide (AAm, monomer), N,N-Dimethylacrylamide (DMAA, monomer), potassium peroxodisulfate (KPS, photoini-
tiator), and N,N,N’,N’-Tetramethylethylenediamine (TEMED, accelerator) were purchased from Sigma-Aldrich (United States).
All chemicals were used as received without further purification. The 10g TiO, solution was first bubbled with nitrogen for
30min to remove the oxygen dissolved in the solution. Then, the solution was mixed with 0.039g (0.009 mol) AAm and
2.079¢g (0.021 mol) DMAA under the magnetic stirring for 30 min at 20 °C. The mixed solution was cooled down to 0 °C in
an iced water bath. 0.1 wt% KPS and 8 wL TEMED were then added in with another 30 min stirring. The obtained solution
was poured into a glass tube (diameter 11 mm and length 50 mm) or a glass mold (150 mm x 75mm x 3 mm) with the
cover up to avoid contact with the oxygen. To facilitate the in-situ free-radical polymerization, the hydrogel was put in a
UV chamber (UVP CL-1000 Ultraviolet Crosslinker) with light intensity 37 W/m? (Five 8 Watt light bulbs with 254 nm wave
length) for 30 min (Fig. 1a). Note that The TiO, nanoparticles and the polymer chains are bonded through dynamic bonds,
such as hydrogen bonds (between -OH on the particle surface and -NH, group on polymer chains) (Liu et al., 2013; Xu et al.,
2013), or ionic bonds (between K groups from redox initiator KPS and anionic groups of the polymer chains) (Haraguchi,
2007, 2011; Haraguchi and Takehisa, 2002; Thakur and Kessler, 2015).

For the characterization of the self-healing behavior, cylindrical hydrogel samples (diameter 11 mm, length 10 mm) were
cut into two pieces with a blade and then were brought into contact with the additional force for 30s on two sides to
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Fig. 1. (a) A schematic to show the polymer chain network of the TiO, nanocomposite hydrogel and the related light-triggered production of free radicals.
(b-e) A typical self-healing experiment of TiO, nanocomposite hydrogel. A hydrogel sample is first cut into two parts and then immediately brought into
contact with the UV illumination. After a period of healing time, the sample can be stretched again. (f) Nominal stress-strain behaviors for the original
and healed hydrogel samples. (g) Healing strength ratio of self-healed samples as functions of healing time for various UV intensities. The healing strength
ratio is calculated as the nominal strength of the self-healed sample normalized by the nominal strength of the original sample.

ensure the cut surfaces have good enough contact during the healing process (Fig. 1b-d). The samples were then put into
UV chamber with different light intensities (7.4 W/m?2, 22.2W/m? and 37 W/m?) and controlled moisture using wet paper
to avoid the swelling and de-swelling behavior of the samples. The self-healed samples were then stretched uniaxially until
ruptures using the same testing system (Instron, Model 5942) with strain rate 0.06 s—! at 20°C (Fig. 1e). We found that the
original hydrogel ruptured at a strain around 4.3 (Fig. 1f). The corresponding nominal stress was denoted as the uniaxial
strength. As the healing time increased, the uniaxial strength increased until a plateau of the original uniaxial strength
(Fig. 1g). However, the uniaxial strength of the contacted samples without the illumination of the UV light only showed a
slight increase, and could not reach the original strength even when the healing time is 6-7 h. Besides, we found that the
healing process of the TiO, nanocomposite hydrogels becomes more rapid as the UV light intensity increases (Fig. 1g).

3. Theoretical model
3.1. A general theory for light-activated interfacial healing

With the presence of photoinitiators in the polymer matrix, the light can trigger the production of free radicals (Fig. 2).
The basic process is shown in Fig. 2. The free radicals will assist the binding of the open distal groups on a polymer chain to
become an active binding site (RMe shown in Fig. 2), thus to bridge the fractured interface. In soft polymers with nanomate-
rial photophores, the active binding site is on the nanomaterial surface. In soft polymers with organic photophore, the active
binding site is the open distal group on a polymer chain within the counterpart matrix. In Section 3.1.1, we will model the
light-activated production of free radicals; and in Section 3.1.2, we will then model the radical-assisted chain rebinding. In
the subsequent Sections 3.2 and 3.3, we will apply the general model for light-activated interfacial healing to soft polymers
with nanomaterial photophores and organic photophores, respectively.
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Fig. 2. Two possible pathways for the photoinitiated binding process between an open distal group on a polymer chain and a binding site. (a) Pathway
1: The photoinitiator (PI) is first decomposed into ny free radicals (Re). A radical binds with the open distal group to form a distal radical (RM-). The
distal radical reacts with the binding site and then is terminated by another radical. (b) Pathway 2: The photoinitiator (PI) is first decomposed into ny free
radicals (R+). A radical transfers to the open distal group to form a distal radical (M-). The distal radical reacts with the binding site and then is terminated

by another radical.
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Fig. 3. Schematics to show the experimental procedure. The global Cartesian coordinate system is constructed on the healing interface. The light illumina-
tion direction is along the z-axis.

3.1.1. Light-activated production of free radicals
When light with an initial light intensity Iy is illuminated on a polymer material, the light will be attenuated through
the material matrix. The light propagation can be modeled by the Beer-Lambert law (Long et al., 2011, 2009, 2013),

AED — A o1 <

where I(x, t) is the light intensity at position x = (x,y,z)T and time t, the light propagation direction is along the z-axis
(Fig. 3), and A(x, t) is the absorption coefficient of the material. The light-sensitive polymers contain photoinitiators that
absorb light to produce free radicals (Fig. 2). Within the nanocomposite polymers, nanomaterials such as TiO, usually serve

as the photoinitiator; while in other light-sensitive polymers, organic photoinitiators are employed. In both cases, the ab-
sorption coefficient can be estimated as

A, t) = a1G(X, t) + Amat 2)

where Ci(x, t) is the concentration of the photoinitiator, o is the molar absorptivity of the photoinitiator, and A is the
absorption coefficient of the material matrix. For the nanocomposite polymers, Ci(x, t) is the concentration of the photosen-
sitive nanomaterial such as TiO, nanoparticles.
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Fig. 4. Schematics to show the polymer chain behaviors around the healing interface. (a) At the original state, a polymer chain is bond by two binding
sites across the cutting interface. (b) The cutting forces the detachment between the polymer chain and one binding site. Since we immediately contact
two fractured parts, we assume the distal group of the polymer chain is still around the interface. (¢) During the healing process, the distal group migrates
into the counterpart to find and bind the binding site under the activation of the UV light.

With the local light intensity I(x, t), free radicals are produced from the photoinitiator. The governing equation of the
concentration of the free radical Cg(X, t) can be written as (Long et al., 2011, 2009, 2013; Ma et al., 2014; Wu et al., 2018;
Zhao et al., 2015, 2016)

8CR (X, t)
—5r—
where o5, is the light absorption coefficient for the radical production, ng is the number of radicals produced per photoini-
tiator, Dy is the diffusivity of the radical, k; is the termination rate of the radical. Here, we assume the combination of
two radicals will result in a termination of the radicals; therefore, the termination term involves a square term [Cgr(x, t)].
Note that for the organic photoinitiator, one photoinitiator is usually decomposed into two radicals, and thus ni = 2 (Fig. 2).
However, for a nanomaterial photoinitiator such as TiO,, ng is an unknown large number that varies for nanoparticles with
different activities (Bueche, 1960; Wang and Gao, 2016).
Along with the production of radicals, the photoinitiator concentration of the nanocomposite may not change, i.e.,
G(x,t) =n, where nis the nanomaterial volume concentration. However, the concentration of the organic photoinitiator
may change with a governing equation written as (Long et al., 2011, 2009, 2013)

% = —ayG (X, DI(X, t) + D} VG (X, 1) (4)

where D is the diffusivity of the organic photoinitiator. Given an initial light intensity and material geometry Fig. 3), we can
calculate the concentration distribution of the radical within the material matrix from Eqs. (1-4). The theoretical results are
presented in Sections 4.1 and 4.2.

= nraxG (X, t)I(x, t) + DRVZCR (X, t) — kt[CR (X, t)]z (3)

3.1.2. Radical-assisted chain binding

The sample is first cut into two parts, and then immediately brought into contact to heal the interface with the illu-
mination of a UV light (Fig. 4). During the cutting process, the dynamic bonds that crosslink the polymer chains will be
dissociated by the large force induced by the cutting (Fig. 4a and b). We assume one distal group of the chain is dissociated
from a binding site that is within the matrix, and then this distal group will be pulled out of the matrix to the fracture
interface. Since the healing experiment is carried out immediately after the cutting, we assume the open distal group on
the chain will still be around the interface at the very beginning of the healing process (Fig. 4b and c), primarily because
the migration of the chain and its distal group takes substantial time. During the healing process, the polymer chain with
the open distal group will gradually diffuse cross the interface to find the binding site to reform the dynamic bond. Once
the dynamic bond is reformed (or re-associated), the polymer chain becomes linked and can sustain loading forces.
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We assume the original polymer networks crosslinked by the dynamic bonds consist of m types of chains with Kuhn
segment number nq, 1y, .... and ny, respectively. Each Kuhn segment has a length b. The specific polymer network architec-
ture will be discussed in Sections 3.2 and 3.3. Here, we only focus on the ith chain with Kuhn segment number n;, where
1 <i<m. The number of ith chain per unit volume of material is N;.

The re-binding process of the ith chain involves the chain diffusion and distal group reaction. We first model the binding
between the open distal group and the binding site as a chemical reaction. This chemical reaction involves multiple small
processes shown as two representative pathways in Fig. 2a,b. In the first pathway (Fig. 2a), the free radical binds on the
open distal group on the ith chain to become a distal radial. Then, the distal radical binds on the binding site. Finally, the
radical will be terminated by combining with another free radical. Effectively, the reaction involves two radicals, an open
distal group on the ith chain, and a binding site. In the second pathway (Fig. 2b), the photoinitiator (PI) is first decomposed
into ny free radicals (R-). A radical transfers to the open distal group to form a distal radical (Me). The distal radical reacts
with the binding site and then is terminated by another radical.

This re-binding process turns an open ith chain into a linked ith chain. We denote Cf (s, t) as the open ith chain number
per unit length along the curvilinear coordinate s (0 <s <L;2/4b) at time t (Fig. 4c), and Ci'(s, t) as the corresponding linked
quantity. We further denote the reaction from the open chain to the linked chain as the forward reaction and the else as
the reverse reaction. The reaction kinetics can be written as

aCi(s,t)
at
where kl.f %s the forward reaction rate and klfois the reverse reaction rate. We further assume that the self-healing capa-

bility of the studied polymer is relatively strong; that is to say, the association reaction rate klf % is much larger than the
dissociation reaction rate leO, Therefore, Eq. (5) can be reduced to

aCi (s, 1)
at
As shown in Fig. 2a and b, the presence of free radicals significantly facilitates the re-association process of the ith chain.
The forward reaction rate can be approximated as

kIO =k [Gr(x, )] (7)

kG, 0) ~ KOG s.) X

 1.fo
~ kIOCd (s. t) (6)

where k; is a positive coefficient and the square term is because of the presence of two radicals per reaction (Fig. 2a and
b).

The radical-assisted binding will facilitate the chain diffusion to cross the healing interface. The chain diffusion can be
modeled by following a snake reptation model proposed by De Gennes (De Gennes, 1979, 1971; Doi and Edwards, 1978;
Rubinstein and Colby, 2003). The basic idea is that the polymer chain is constrained by the polymer matrix so it can only
reptate along a primitive tube (Doi and Edwards, 1988). The primitive tube length is L., so the original chain is divided into
n; segment with each segment length

_ L

b. =
c n

(8)

At each small time step, the chain is considered to jump by a step length b.in a random-walk fashion. In the original
reptation model, the tube length is considered as smaller than the contour length of the ith chain, i.e., L. <n;b; because
the chain may coil around the reptation tube. Subsequently, the jump step b. is considered as an unknown parameter. Here,
we make a bold assumption that the contour length of the ith chain is approximately equal to the reptation tube length;
therefore, the jump step length

be~b 9)

The motion of the polymer chain is enabled by extending out small segments called “minor chains” (Fig. 4c). The curvi-
linear motion of the polymer chain is characterized by the Rouse friction model with the curvilinear diffusivity of the ith
chain expressed as

_ kBT
" onég
where £ is the Rose friction coefficient per unit Kuhn segment, kgis the Boltzmann constant, and Tis the temperature in
Kelvin.

As shown in Fig. 4c, we assume the end-to-end distance of the ith chain is L;. Without loss of generality, we assume
the cutting position is located in the middle of the chain; thus, the distance between the healing interface and the binding
site is L;/2. This assumption is just for the sake of analysis simplicity; other location may also work but may involve more
complicated statistic averaging algorithm. As shown in Fig. 4c, the distal group will diffuse cross the normal distance L;/2
following a curvilinear pathway. To facilitate the analysis, we construct two coordinate systems: s denotes the curvilinear
path along the minor chains, and u denotes the linear path from the interface to the binding site. When the ith chain

D (10)
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movess; distance along the curvilinear path, it is corresponding to u; distance along u coordinate. Here we assume the selec-
tion of the curvilinear path is stochastic in a random-walk fashion (Kim and Wool, 1983; Whitlow and Wool, 1991; Zhang
and Wool, 1989). Therefore, the conversion of the distances in two coordinate systems is expressed as (de Gennes, 1971; Doi
and Edwards, 1988)

Ui=\/5i7c*\/5i>b (11)

According to Eq. (11), the L;/2in the y coordinate is corresponding to L;?/4b in the s coordinate.

The chain diffusion and the association reaction are strongly coupled, as the binding reaction may greatly facilitate the
diffusion process; therefore, we couple the chain diffusion and binding reaction within the region 0 <s<L;?/4b using an
effective diffusion-reaction equation as

aCd(s. t) _DVBZCid(s,t) g

ot~ ' 0s? ot (12)
Coupled with Egs. (6), (7) and (12) can be rewritten as
aCd(s, 1) 02Cd(s, t) ,
e = D — kG OPC (5. 1) (13)

It can be shown from Eq. (13) that the light-triggered production of radicals can facilitate the binding reaction and thus
promote the chain diffusion.

At the beginning of the healing process, all mobile open distal groups of the ith chain are located around the healing
interface, which can be expressed as

Cl(s,t = 0) = N;5(s) (14)

Ci(s,t=0)=0 (15)

o0
where [ 8(s) = 1. Besides, we assume the association reaction rate is much larger than the dissociated reaction rate; sub-
—00

sequently, we can make a bold assumption that all open distal groups form dynamic bonds around the binding site loca-
tion s = L;?/4b, which is expressed as

C(s=L{/4b.t) ~ 0 (16)

From Eqs. (13-16), we can solve the concentration distributions Cid(s, t) within the curvilinear coordinate. To convert
these to the effective concentration of linked ith chain within the region 0 <u <L;/2, we write
h L?/4b cd
N(t) i ib/ /b Ci(s, t)
N; Li2 0 N;

ds (17)

where le‘ (t) is the average ith chain number per unit volume of the region 0 <u <L;/2at the undeformed state (A; = A, =
A3 = 1), and the superscript “h” denotes “healed”.

3.2. Model for soft polymers with nanomaterial photophores

In this section, we apply the general theory of the light-activated interfacial self-healing to soft polymers with nanoma-
terial photophores such as TiO, nanoparticles (Yu et al., 2018a). The nanomaterials serve as multifunctional crosslinkers that
are able to bridge a large number of polymer chains (Figs. 1 and 5a and b). These polymer chains may not have the same
chain length, but follow an inhomogeneous chain length distribution (Fig. 5c). Following our previous paper on nanocom-
posite hydrogels, we assume the nanomaterial crosslinkers self-organize into body-centered cubes through the whole ma-
terial matrix (Fig. 5a). Like the eight-chain model, the center nanocrosslinker and a corner nanocrosslinker bridge m types
of chains with chain lengths number nq, ny, .... and ny. The distance between the center nanocrosslinker and the corner
nanocrosslinker L; can be estimated from the volume concentration of the nanocrosslinker 7. A cube in Fig. 5a with a volume
8Ll.3 /3+/3 averagely involve two nanocrosslinkers; therefore,

L%ﬁ
IW

We denote the ith chain number between a center nanocrosslinker and a corner nanocrosslinker as Nf. As we assume
the chain number of the ith chain per unit volume as N;, we have

8N*  3.3N:
N; = 8'L3: il (19)
337 i

(18)
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Fig. 5. (a) A network model for the nanocomposite hydrogel. (b) A number of polymer chains with inhomogeneous chain lengths are bridged between a
particle pair. (c) A schematic to show the chain-length distribution of the polymer chains between a particle pair. (d) Schematics of the network model
during the cutting and healing process. The cutting is assumed to be located in a quarter position of the cube.

We thus calculate N} as

N.
N =L 2
= (20)
The chain length distribution of these m types of chains can be written as
N
P(n;) = ! 21
1( l) Z;—i] Ni ( )
For simplicity, we only consider a log-normal chain length distribution as (Wang et al., 2015)
1 (Inn; — Inng)?
P(ny) = exp| — 22
l( l) niax/ﬁ p[ 252 ( )

where ngand § are the mean of n; and standard deviation of Inn;, respectively.
For the ith chain, the freely-joint end-to-end distance is /n;b. The presence of nanocrosslinker makes the initial end-to-
end distance as L;. As the ith chain is deformed with the end-to-end distance r;, the chain stretch is calculated as

A= (23)
n,‘b
The free energy of the deformed ith chain can be written as
B Bi Bi
Wi = n’kBT(tanh Bi +In sinh B; (24)

where 8; = L~1(A;//M) and L~1() is the inverse Langevin function. The force within the deformed ith chain can be written
as

f‘ _ aW,‘ _ kBT )

e Br,- b

We consider an affined deformation model with the assumption that the bond-centered cube deforms by three principal

stretches (A, Ay, A3) under the macroscopic deformation (A1, Ay, A3) at the material level. Therefore, the stretch of each ith
chain is

(25)

MR+ A0 L
3 n,-b

For the original material, the initial number of ith chain per unit material volume is N;. This ith chain density will
decrease to N as the material deforms because the chain force will motivate the dissociation of the dynamic bond between

A= (26)
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the chain the nanocrosslinker. Following Eq. (5), we write the binding reaction kinetics as

dN¢
b = KN+ kN (27)

where k,.f and ki are forward and reverse reaction rates at the deformed state, respectively. Following the Bell's model
(Bell, 1978), we can write the chain-force-dependent reaction rates as

f_ f0 fi
ki =k exp( I<BT> (28a)
r__ 1,10 f}AX
ki = ki exp( koT ) (28b)

where Ax is the distance along the energy landscape coordinate. If the loading is applied quasistatically, the linked ith chain
volume density can be calculated as
Nik!%exp (- i)

Ne = 29
b kiOexp(45F) + Kl %exp(— i) (29)

kT

As shown in Eq. (29), Nf decreases as the chain force of the ith chain increases.
With Eqs. (24) and (29), we can express the strain energy per unit material volume as

,31 ,Bi
W= E Ni nikgT (ta I /3, lnsi I /3,‘ (30)

i=1

where 8; = L~1(A;//m;) and A; is given in Eq. (26). If the material is incompressible and uniaxially stretched with three
principal stretches (A; = A, Ay = A3 = A~1/2), the nominal stress along A, direction can be written as

(A =272)ksT )kBT ol L /A2 4201 I

As the stretch increases, the chain forces on the short chains are larger than those on the long chains; the short chains
will be first detached from the nanoparticles and then the long chains (Fig. 5¢). When the stretch is sufficiently large, the
majority of chains are detached from the nanoparticles, and the corresponding stress would decrease with the increasing
stretch. Therefore, the stress-stretch behavior of the original material features a maximal stress that is defined as the tensile
strength of the material.

In the healing experiment, we first use a sharp blade to cut through the hydrogel bar (Figs. 3 and 5d). For simplicity
of analysis, we assume the cutting position is located in the middle of polymer chains between particle pairs as shown in
Fig. 5d (Wang et al., 2017; Yu et al., 2018b). This echoes the assumption in Section 3.1.2 that the cutting location is in the
middle of two binding sites shown in Fig. 4b. At the cutting tip, the blade highly deforms the polymer chains until the
chains are detached from the particles. Since the chain strength is much larger than the chain-particle bonding strength,
we assume that the polymer chains can only be detached from the particle surfaces without breaking in the middle of the
chains (Wang and Gao, 2016). At the detachment point, the chain may be detached from either particle, with the other end
being still attached to the other particle. We assume that each particle of a particle-pair still attach half portion of polymer
chains after cutting (Fig. 5d). Then two parts are immediately brought into contact with the polymer chains interpenetrate
into each other to rebind on the particles.

For the self-healing sample that is composed of two original segments and a small self-healed segment (Fig. 3c). Within
the self-healed segment, the strain energy per unit material volume is

u Bi Bi
W= N%nksT ! In— 32
;’ 'B( h,Bl smhﬂi) (32)
NikfOexp (—4i5x
N = 0 fidx p(fo F) fo (33)
K exp(,;T) k] exp( i )

where N{’ is given by Eq. (17). If the material is uniaxially stretched by A", the corresponding nominal stress is

h_ yh=2
5’1 (A’ —* )kBT Xm: Nah LlL )"hz + 2)"h_] Li (34)
h_ [AT et L
NEYET 3 mb

If the self-healed sample is uniaxially stretched (like Fig. 1e), the nominal stresses in the original material segment
and the self-healed segment should be equal, i.e., s’;‘ = s1. Based on the above theoretical framework, we can calculate the
stress—strain behaviors of the self-healed sample and the corresponding healing strength for various healing time (results in
Section 4).
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Fig. 6. (a) An interpenetration network model for the light-activated self-healing polymers with organic lightophores. (b) Schematics of the ith network
model during the cutting and healing process. The cutting is assumed to be located in a quarter position of the cube.

3.3. Model for soft polymers with organic photophores

In this section, we apply the general theory of the light-activated interfacial self-healing to soft polymers with organic
photophores. Unlike the soft polymers crosslinked by multifunctional nanomaterials, the organic crosslinker cannot bridge a
large number of polymer chains. To consider the inhomogeneous chain length distribution, we employ an interpenetration
network model that assumes the polymer is composed of m types of networks interpenetrating in the material bulk (Fig. 6a)
(Wang et al., 2015). In each network, the chain length is the same, denoted as nq, ny, .... and np. In the undeformed state,
all chains are freely-joint; therefore, the end-to-end distance of the ith chain is

Li=+/ n,-b (35)
With the chain number of the ith chain per unit volume as N;, we can also express the chain length distribution as Eq.
(21).
With the affined deformation model, the stretch of the ith chain is different from Eq. (26), but should be
M4 A%+ As?
A= % (36)

With the strain energy density expressions of the original material similar to Eq. (30), we can write the uniaxial nominal
stresses of the original material as

(A - )rz)kBT m A2 4201
S=~_ 7~ Ne /mL1 - = 37
T BAZf6A T ; A VAT 37)

Then, following the similar microscopic picture as self-healing of the nanocomposite hydrogels shown in Fig. 5d, we can
model the behavior of the self-healed segment of the soft polymers with organic photophores in Fig. 6b. The corresponding
uniaxial nominal stress of the self-healed segment can be written as

()J’—Ah_z)kBT n
sh= L | N /mL"

V3r? et o

Going through the calculation process shown in Section 3.2, we can calculate the stress-strain behaviors of the self-
healed samples and the corresponding healing strength for various healing time (results in Section 5).

Ah? 4 2ph71

- (38)

4. Results for light-activated self-healing polymers with inorganic photophores

In this section, we will first take the photo-healable TiO, nanocomposite hydrogel as an example to illustrate how to
relate the light property to the interfacial self-healing performance. We will also examine the effects of light intensity and
light wavelength on the self-healing performance. The theoretical results will be compared with the experimental ones. All
used parameters are presented in Table 1.



Table 1

Definition and value of the employed parameters. The initial light intensity for Figs. 7-11 are directly extracted from experiments. The initial light intensity for Figs. 13-15 is estimated by P/(4wL?), where
the power P=14w and L=20cm is the distance between the lamp and the sample (Amamoto et al., 2012). The absorption coefficient of the material matrix of partially opaque TiO2 hydrogel follows
the one of the optically thick polymer discussed in (Long et al., 2009; Zhao et al., 2015), and the absorption coefficient of the material matrix of clear polymers in (Amamoto et al., 2012) follows the one
of the optically thin polymer discussed in (Long et al., 2009; Zhao et al., 2015). The number of radicals produced per TiO, nanoparticle photoinitiator in Figs. 7-11 is estimated as in the same order of
the active binding sites Ny, on the nanoparticle surfaces. As Ny, = 42k /b?, where b is the Kuhn segment length, r is the particle radius, and « is the particle activity parameter (Bueche, 1960; Wang
and Gao, 2016). Following (Wang and Gao, 2016), we estimate « is in the order of 0.01; then, we roughly estimate the binding site number is in the order of 103. Therefore, we estimate the number
of radicals produced per TiO, nanoparticle photoinitiator in Figs. 7-11 as 1000. Forward and reverse reaction rates are estimated from the ones for the dynamic covalent bonding kinetics in (Yu et al.,
2018b). ng is a fitting parameter used to match the stress-strain behaviors of original polymer networks. Ax is another fitting parameter used to match the tensile strength of original polymer networks

(Wang and Gao, 2016; Wang et al., 2017; Yu et al., 2018b). The rouse friction coefficient is the third fitting parameter to match the healing time-scale (Wang et al., 2017; Yu et al., 2018b).

Parameter Definition Figs. 7-9 Fig. 10 Fig. 11 Figs. 13 and 15 Fig. 14 Estimation source

Ip (W m~2) Initial light intensity 37 7.4-37 37 27.9 279 Experimental data

a7 (m® mol~! s71)  Molar absorptivity of the N/A N/A N/A 0.1 0.1 Long et al. (2009), Zhao et al. (2015)
photoinitiator

Amae (m™1) Absorption coefficient of the 120 120 120 10 10 Long et al. (2009), Zhao et al. (2015)
material matrix

oy (m2 W1 s 1) Light absorption coefficient for the 265%x10°  265x10° 265x10° & 1.25x10°> 3.51x10°8 3.51x10~%  Long et al. (2009), Ma et al. (2014),
radical production Zhao et al. (2015)

ng Number of radicals produced per 1000 1000 1000 2 2 Bueche (1960), Wang and Gao (2016)
photoinitiator

Dg (m? s~1) Diffusivity of the radical 1x10°10 1x10-10 1x10-10 1x10°10 1x 1010 Long et al. (2009), Zhao et al. (2015)

ke (s7! mol~! m3) Termination rate of the radical 0.1 0.1 0.1 0.1 0.1 Long et al. (2009), Zhao et al. (2015)

D; (m? s71) Diffusivity of organic photoinitiator ~ N/A N/A N/A 1x 1010 1x 10710 Long et al. (2009), Zhao et al. (2015)

n (mol m~3) Volume concentration of 233x1073  233x103 233x10°3 N/A N/A Experimental data
nanocrosslinker

Cio (mol m~3) Initial photoinitiator concentration n n n 0.5 0.01-1 Experimental data

ki (s7? mol=2 m®)  Coefficient for the forward reaction 0.5 0.5 0.5 5 5 Wang et al. (2017), Yu et al. (2018b)
rate

k0 (s=1) Reverse reaction rate 2x10°6 2x10°6 2x10°6 2x10°6 2x10°6 Wang et al. (2017), Yu et al. (2018b)

Ax(m) Distance along the energy 4%x107° 4x107° 4x107° 51x107° 5.1x107° Fitting parameter
landscape coordinate

b (m) Kuhn segment length 52 %1010 5.2 x 10710 5.2 x 10710 52 %1010 52x 1071  Wang et al. (2017), Yu et al. (2018b)

n Minimum chain length 300 300 300 100 100 Chosen based on n,

Nm Maximum chain length 1500 1500 1500 800 800 Chosen based on n,

ng Average chain length 576 576 576 400 400 Fitting parameter

1) Chain length distribution width 0.15 0.15 0.15 0.2 0.2 Wang and Gao (2016), Wang et al. (2017),

Yu et al. (2018b)
&(N/m) Rouse friction coefficient 5% 108 5x10-8 5x 108 5% 1072 5x 107> Fitting parameter
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Fig. 7. Photoinitiation within the TiO, nanocomposite hydrogel. (a) The light intensity distribution on the healing interface. (b) The light intensity distri-
bution along the depth z. (c) The radical concentration distribution on the healing interface at illumination time t=500 s. (d) The radical concentration
Cr as functions of the depth z for various light illumination time t. (e) The average radical concentration on the healing interface as a function of light
illumination time t.

4.1. Results for the light propagation within the TiO, nanocomposite hydrogel

As shown in Fig. 1b-e, the TiO, nanocomposite hydrogel is partially opaque; therefore, the absorption coefficient of the
material matrix is much larger than the absorption induced by the photoinitiator, i.e., a1 Ci(X, t) < Ama:. We thus solve the
light intensity distribution as (Fig. 3c)

I(z) ~ IOEXPI:—Amat (\/ r2—yr+ Z>] (39)

where I is the initial light intensity and r is the radius of the cross-section area. The light intensity distribution in the
cross-section region is shown in Fig. 7a. The corresponding light intensity along the central line is plotted in Fig. 7b. This
light intensity distribution will not change during the whole light-activation process.

As for the TiO, nanocomposite hydrogel, the photoinitiator is the TiO, nanoparticle whose concentration does not change
during the whole light-activation process; thus, we have C; = n in Eq. (3). Solving Eq. (3) leads to the concentration distri-
butions of the free radical in the cross-section region (Fig. 7c). With increasing illumination time, more and more free
radicals are produced on the cross-section region (Fig. 7d). Note that the concentration distribution of the free radical is
inhomogeneous over the cross-section area: more radicals are produced at the locations closer to the light incident surface.
It means that the healing percentage will vary across the interface. To simplify the problem, we average the radical concen-
tration across the interface as Cz(t) (Fig. 7e) and consider an effectively homogeneous self-healing across the interface in
Section 4.2.
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Fig. 9. (a) The nominal stresses of the original and self-healed segments as functions of uniaxial strains of these segments. (b) The nominal stresses of
the original and self-healed samples as functions of uniaxial strains of these samples. (c) The comparisons between the experimentally measured and
theoretically calculated nominal stress-strain behaviors of the original and self-healed nanocomposite hydrogel samples. (d) The experimentally measured
and theoretically calculated healing strength ratios of the nanocomposite hydrogel as functions of the healing time.

4.2. Results for the penetration of the ith chain

Once the average radical concentration in the cross-section area is calculated, we can employ Eqs. (13) and (17) and
related boundary and initial conditions Eqs. (14-16) to calculate the average ith chain number density Nlh within the self-
healed region (Fig. 8). Note that the radical concentration Cg(X, t) will be replaced by the time-dependent average radical
concentration in the cross-section area Ci(t). As seen from Fig. 8, the average ith chain density Nih (t) increases from zero to
reach a plateau N; as the time is long enough. The time scale to reach the plateau depends on the Rouse diffusivity of the
ith chain D; and the free radical concentration Cg(t).

4.3. Results for the light-activated self-healing of soft polymers with nanomaterial photophore

The self-healed sample has three segments: two segments with original materials and one small self-healed segment
with the re-formed linked chains (see inset of Fig. 9a). Once the healed linked ith chain density within the self-healing
region is calculated, we can employ the interpenetration network model shown in Section 3.2 to calculate the stress-strain
behaviors of the original and the self-healed segments, respectively (Fig. 9a). Note that the stress-strain curve of the original
material features a maximum that is considered as the tensile strength of the material (Fig. 9a). For an original hydrogel
sample, as the nominal stress gradually increases with the stretch, the polymer chains are gradually detached from the
nanoparticles (Fig. 5c). Once most of the polymer chains are detached, the nominal stress begins to decrease. At the critical
point (denoted by the red cross on the blue line in Fig. 9a), the hydrogel sample breaks into two parts, and the red cross
indicates the tensile strength of the hydrogel. In the following, we will employ the tensile strength as the indicator for the
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Fig. 10. Effect of the light intensity on the self-healing behavior of the TiO, nanocomposite hydrogel. (a) The average radical concentrations on the healing
interface for various initial UV light intensities as functions of the UV illumination time. (b) The experimentally measured and theoretically calculated
healing strength ratios of the TiO, nanocomposite hydrogels for various UV intensities as functions of healing time. (c) The experimentally measured and
theoretically calculated equilibrium healing time as functions of the UV light intensity.

interfacial healing. The major reason is that the measurement of the interfacial strength in experiments is relatively easy and
most of the researchers in the self-healing community use the tensile strength in their experiments (Blaiszik et al., 2010;
Burattini et al., 2010; Wojtecki et al., 2011; Wool, 2008; Wu et al., 2008; Yang and Urban, 2013). The results of interfacial
strength are reliable when the sample number is large enough to eliminate the effects of small defects. In the experiments,
we always use multiple samples (up to 10 samples for each case) to validate the accuracy of the measurement.

We assume undeformed and deformed lengths of the self-healed segment are H"and h", respectively, and the corre-
sponding undeformed and deformed lengths of the sample are Hand h, respectively. The stretch of the original segment is
calculated as

h—h" h
H—H' H

because h>>h" and H:>>H"; therefore, the stretch of the self-healed sample is approximately the same as the stretch of
the original segment. As nominal stresses in the original segment and the self-healed segment should be equal (s’} =51),
we can predict that the stress-strain curve of the self-healed sample follows the trace of the stress-strain curve of the
original sample, only with a lower maximal nominal stress (indicated as the red cross in Fig. 9b). This can be validated
by the experimentally measured stress-strain behaviors of the self-healed sample (Fig. 9c). Collecting the maximal nominal
stress (named as healing strength) corresponding to each healing time, we can predict the relationship between the healing
strength as a function of the healing time (Fig. 9d). To present the results, we usually normalize the healing strength with
the uniaxial strength of the original material and calculate as healing strength ratio (Fig. 9d). We find the healing strength
ratio increases with increasing the healing time and reaches a plateau when the healing time is long enough. To indicate
the healing speed, we denote the equilibrium healing time as the time corresponding to 90% healing strength ratio. We find
that the theoretically calculated relationship between the healing strength ratio can roughly match with the experimental
results of the light-activated self-healing of the TiO, nanocomposite hydrogels (Fig. 9d). The discrepancy exists in the short
healing time range because the theoretical model does not take the immediate adhesion into account. More discussions
about this limitation can be found in the conclusive remarks.

(40)

4.3.1. Effect of light intensity

To illustrate the capability of our theoretical model, we then study the effect of light intensity on the self-healing perfor-
mance of the TiO, nanocomposite hydrogels (Fig. 10). With the higher initial UV light intensity Iy, the average radical con-
centration on the healing interface reaches the higher plateau within a shorter light illumination time (Fig. 10a). According
to Eq. (13), the higher concentration of radicals will promote the binding reactions between the distal groups and binding
sites, and thus accelerate the healing process. Therefore, the predicted healing strength ratios reach the plateau within a
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shorter healing time for the higher light intensity cases (Figs. 10b and 1f). In addition, we show that the theoretically cal-
culated healing strength ratio and equilibrium healing time can consistently match with the corresponding experimental
results (Fig. 10c).

4.3.2. Effect of light wavelength

To further illustrate the capability of the theoretical model, we study the effect of UV wavelength on the self-healing per-
formance of the TiO, nanocomposite hydrogels (Fig. 11). The activities of TiO, nanoparticles vary for different wavelengths
of the incident light. The absorption intensities of the employed TiO, nanoparticle for various incident light wavelength is
shown in Fig. 11a (Huang et al., 2012). The absorption coefficient o, in Eq. (3) is expected to be proportional to the absorp-
tion intensity of the TiO, nanoparticle. From Fig. 11a, we can estimate that 3% /a2>4 ~ 2.12, where o3%5and «2>* are the
absorption coefficient of the TiO, nanoparticle for UV lights with wavelengths 365 nm and 254 nm, respectively. Based on
the theoretical calculation for 254 nm UV light, we can predict the relationship between the healing strength ratio and the
healing time for 365nm UV light (Fig. 11b). The theoretical results match consistently with the experimentally measured
ones.
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Fig. 13. (a) The light intensity distribution on the healing interface. (b) The light intensity distribution along the depth z on the healing interface. (c) The
photoinitiator concentration distribution on the healing interface at t=8h. (d) The photoinitiator concentration C; as functions of the depth z for various
light illumination time t. (e) The radical concentration distribution on the healing interface at t==8h. (f) The radical concentration Cg as functions of the
depth z for various light illumination time t. (g) The average radical concentration on the healing interface as a function of light illumination time t. (h)
The healing strength ratio as a function of healing time of the polymer with organic photophores.

5. Results for light-activated self-healing polymers with organic photophores

In this section, we show that the theory can also be used to explain the light-activated self-healing of soft polymers
with organic photophores. The effect of photoinitiator concentration on the self-healing performance is examined. The the-
oretical calculations of the self-healing performance of the soft polymers with organic photophores are compared with the
experimentally measured results. All used parameters are presented in Table 1.

Here, we consider a light-activated healable polymer system in (Amamoto et al., 2012) (Fig. 12). The thiuram disulfide
(TDS) unit can undergo a light-induced homolytic cleavage reaction to produce free radicals (Amamoto et al., 2011, 2012;
Degirmenci and Coote, 2016). This TDS unit can be within a crosslinked polymer network or the TDS diol. The TDS diol
comes from the unreacted TDS diol during the polymer synthesis. Since the mobility of the TDS unit within the crosslinked
polymer network is very limited, the mobile TDS diols are anticipated to contribute the majority mobile free radicals during
the light-activated self-healing process. Therefore, we believe that the TDS diol serves as the major photoinitiator. Under
light actuation, the TDS diol is decomposed into two free TDS radicals (Fig. 12a). Then, the TDS radicals transfer across the
interface to re-bridge the fractured interface (Fig. 12b) (Amamoto et al., 2011, 2012; Degirmenci and Coote, 2016).

For the TiO, nanocomposite hydrogel, TiO, nanoparticles serve as the photoinitiator, and its concentration does not
change during the light-activation process. However, for the soft polymers with organic photophores, the concentration of
the initial organic photoinitiator will decrease during the light illumination process. The photoinitiators will be decomposed
into free radicals to activate the self-healing process. As for a sample in a circular bar shape, three fields are coupled within
the circular healing interface: the light intensity Eq. (1), the photoinitiator concentration Eq. (3), and radical concentration
Eq. (4). We employ the numerical software COMSOL with its general PDE function to solve the coupled fields. As shown in
Fig. 13a and b, the light intensity decreases from the incident surface to the rear surface. Higher light intensity consumes



K. Yu, A. Xin and Q. Wang/Journal of the Mechanics and Physics of Solids 124 (2019) 643-662 659

a b
T T T . 6.0 T T T T T

o 1.0r =

= [} 55,

Zost { E

5 Cpy =0.01mol -m~ :D 5.0l

c 0.6} i £ 7

< ©

% 0.4} 2 45¢

oo

c €

5 02t 3 40¢

9 S

T 00 £ 35f

0 2 4 6 8 g 00 02 04 06 08 1.0

Healing time (h) Initial photoinitiator concentration

C,o(mol-m™)

Fig. 14. Effect of photoinitiator concentration on the self-healing behavior of the polymer with organic photophores. (a) The healing strength ratios for
various initial photoinitiator concentrations as functions of the healing time. (b) The equilibrium healing time as a function of the initial photoinitiator
concentration.

a 500 —_— b 500
§ 400 ﬁﬁ $ 400}
= =
8 300+ - 8 300+
e 200+ —o— Original © 200+ l:,‘:. Experiment Theory
E —4&—24h g / Original —o—
S 100} Bt 5 100}/ Healdh —o— ——
z ——0h z y
%.O 05 10 15 20 25 %.O 05 10 15 20 25
Strain (mm/mm) Strain (mm/mm)
C . . ; . . .
o 1.0t
2 o8}
=
%” 06}0
o 0.4
=
© 02 —— Theory
s O Experiment
ool
0 4 8 12 16 20 24

Healing time (h)
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more photoinitiators to produce more radicals; therefore, the photoinitiator concentration is lower at the incident surface
(Fig. 13c and d), while the radical concentration is higher at the incident surface (Fig. 13e and f). As the light illumination
time increases, the overall photoinitiator concentration decreases but the radical concentration increases. Similar to the TiO,
nanocomposite hydrogel, we consider an effectively homogenous self-healing over the healing interface. We thus calculate
the average radical concentration as a function of the illumination time (Fig. 13g). We find that the average radical con-
centration first increases with the increasing illumination time and then reaches a plateau. This plateau is because of the
saturation of radical production. Then, with the average radical concentration, we follow the model shown in Section 3.3 to
calculate the relationship between the healing strength ratio and the healing time for the soft polymer with organic pho-
tophores (Fig. 13h).

5.1. Effect of photoinitiator concentration

With the above method, we can predict the effect of the initial photoinitiator concentration C;y on the self-healing behav-
ior of the soft polymer with organic photophores (Fig. 14). Higher photoinitiator concentration induces the higher average
radical concentration on the healing interface. And higher radical concentration leads to the faster healing process of the ma-
terial (Fig. 14a and b). Therefore, the equilibrium healing time decreases with increasing initial photoinitiator concentration
(Fig. 14b). Besides, we find that the changing rate of the equilibrium healing time is decreasing with increasing photoinitia-
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tor concentration. It is because the radical production is close to the saturation state when the photoinitiator concentration
is high, and the equilibrium healing time change is less insensitive than that when the photoinitiator concentration is low.

To verify the theoretical model, we compare the theoretical results with the experimentally measured results for a poly-
mer with organic photophores thiuram disulfide moieties (Amamoto et al., 2012). This polymer can self-heal the interfacial
strength by around 100% with the illumination of visible light for 24 h (Fig. 15a). Using the developed theory in Section 3.3,
we can plot the uniaxial nominal stress-strain behaviors for the original and self-healed polymer samples, which agree well
with the experimentally measured results. The theoretically calculated relationship between the healing strength ratio and
the healing time also match the experimental results. Note that the theoretical calculations for Fig. 15 follow the method
discussed around Fig. 13. The cross-section shape of the sample here is rectangular (2 mm x 1 mm). As we actually homoge-
nize the chemical concentrations across the interface, the cross-section shape has little influence on the healing strength. To
be consistent, we still roughly approximate the cross-section as a circle (radius 0.8 mm) for the case in Fig. 15. We predict
that the equilibrium healing time with 90% healing strength is around 6 h, while this specific number is usually challenging
to determine in the experiment without carefully screening over the whole hour range.

6. Conclusive remarks

In summary, we present a theoretical framework to understand the light-activated interfacial self-healing of soft polymers
with both inorganic and organic photophores. We consider that the light within the material matrix triggers the production
of free radicals that further facilitate the interfacial self-healing process. The self-healing process is considered as a coupled
phenomenon that polymer chains diffuse across the interface and re-form the dynamic bonds assisted by the free radicals.
We theoretically relate the light property and the interfacial self-healing strength of the polymers. We predict that the in-
terfacial self-healing strength of the polymer increases with the light illumination time until reaching a plateau. We study
the effects of the light intensity, light wavelength, and photoinitiator concentration on the self-healing performance. We
apply the theory to two types of soft polymers with inorganic and organic photophores, respectively. The experimentally
measured stress-strain behaviors of the original and self-healed samples can be consistently explained by the theory. The
theoretically calculated relationships between the healing strength and the healing time can also agree well with the experi-
ments. Though mechanics models for the constitutive behaviors of light-activated polymers have been proposed (Long et al.,
2011, 2009, 2013; Ma et al., 2014), to the best of our knowledge, this paper presents the first network-based theory for the
light-activated self-healing mechanics. The major contribution of the current work is a theoretical framework to integrate
the light-triggered free radical production and the interfacial polymer chain evolution.

Despite the contribution to the mechanics field, this theoretical framework also leaves several open questions. First, we
have not considered the immediate interfacial adhesion in this theoretical framework. As shown in Figs. 9-11 and 14, the
immediate adhesion may lead to around 20-35% of interfacial strength. The immediate adhesion process has a time scale
much shorter than the healing process. However, this paper considers that only the re-binding of the open chains can sus-
tain the load, and the immediate adhesion of the fractured interface is considered to be around zero. We conservatively
think that it may not be fully correct if we simply add the immediate adhesion strength and healing strength as they dom-
inate at different time-scales. Second, we only consider the light-assistance on the self-healing performance is because the
light-produced radicals facilitate the binding process. In the experiments without special treatment, the temperature of the
material matrix increases slightly during the light illumination process. This temperature increase may also accelerate the
chain diffusion and chain re-binding. To mitigate this issue, in our experiments of TiO, nanocomposite hydrogels, we main-
tain the material temperature within a thermal incubator with a constant temperature 25 °C. In the future, more careful
experiments should be carried out to characterize the material temperature change during the self-healing process, because
the temperature is an important factor to affect the self-healing speed. Third, the paper may be further extended to explain
light-assisted self-healing processes that have not covered in this paper. For example, Weder, et al. reported optically heal-
able plastics (Balkenende et al., 2016; Burnworth et al., 2011b; Fiore et al., 2013). Though the current paper focuses on the
deformable soft polymer networks, adding the plastic deformation mechanism may further extend the theory to optically
healable plastics.
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