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Linear polymers with multiple carboxylate pendant groups (copolymers of styrene and acrylic acid) participate in ligand-

DOI: 10.1039/x0xx00000x

exchange reactions with (diacetoxyiodo)benzene and the reaction yields network polymers with (diacyloxy)iodoarene-type

crosslinks. The unreacted carboxylate groups that are present in the polymers can participate in further ligand-exchange

reactions with the hypervalent iodine(lll) centers at the crosslinks, which makes the materials dynamic and self-healing. The

application of strong shear force leads to gel disintegration but when the external force is removed, the gels are regenerated

again, as proved by rheology studies. When exposed to UV light or heat (microwave irradiation), the gels are “set” (i.e.,

become permanent) due to the homolytic cleavage of the weak hypervalent I-O bonds present at the crosslinks, followed

by irreversible radical coupling of adjacent polymer-bound C- and/or O-centered radicals.

Introduction

The design and preparation of dynamic polymers formed as
a result of reversible covalent interactions is of great interest!-
16 since these materials often possess unique properties, which
makes them attractive for various applications, such as
controlled drug delivery systems,'” adaptive surfaces,>
polymeric actuators,’® and self-healing materials.19-28 Self-
healing is the process, in which a material that had been
damaged by mechanical forces can acquire its original
properties (and often appearance) without external
treatment, such as the application of additional reagents. The
process occurs due to the presence of reactive functionalities,
which are responsible for the formation of new bonds, typically
but not necessarily identical to the ones that had been cleaved
during the damage.2°-39 If the self-healing is efficient and faster
than the propagation of further defects, it improves the
reliability of the material, extends its life-time, makes costly
repairs unwarranted, and often reduces safety risks by
preventing failures caused by the accumulation of cracks or
breaks. Electrostatic (ionic) interactions,4% 41 hydrogen bonds,*2
43 as well as coordination bonds## 4> have all been utilized in the
design and preparation of dynamic and self-healing polymers.

Many main-group elements form compounds, in which the
octet rule is not obeyed, and in which the central polyvalent
atom is bonded to some of the “ligands” via 3-center-4-
electron, dubbed hypervalent (HV),%¢ bonds. These bonds are
weaker than the “classical” covalent (2-center-2-electron)
bonds and are typically rather polar.46-48 As expected based on
the number of unpaired electrons in the ground state, iodine is
often monovalent in its compounds. However, numerous
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examples are known, in which the iodine atom is polyvalent,
e.g., tri-, penta-, or heptavalent, and participates in the
formation of one covalent and several additional HV bonds. HV
iodine compounds are primarily used as oxidizing agents49-52
and in other electrophilic and radical reactions, including as
initiators for cationic®3-55 and/or radical56-5° polymerizations.
The HV bonds in the fragment L-I-L in the iodine(lll) compound
of the type ArlL, (Ar is aryl, and the ligand L is (pseudo)halide,
carboxylate,®0 or tetrazolate®!) are dynamic in nature®? and the
ligands, L can be easily (and typically reversibly) displaced by
nucleophiles Nu-. The reaction affords, depending on the
amount of added nucleophile and the reaction time, Arl(L)Nu
and/or ArINu, as well as free L.53 For example,
(diacyloxyiodo)arenes Arl(O,CR?), (Ar = aryl, R = alkyl or aryl)
participate in ligand-exchange reactions with carboxylates
R2CO," or the corresponding acids R2CO,H to yield first the
asymmetric compound Arl(O,CR?)(O,CR2) and eventually
Arl(O,CR2),, as well as free RICO, or RICO;H. The
thermodynamics and kinetics of this type of reaction involving
(diacetoxyiodo)benzene Phl(O,CCHs); were studied
spectroscopically (with R2CO,H being methacrylic®* or acrylic
acidé%) and it was shown that the ligand exchange is relatively
fast even in dilute solutions. The reaction of Phl(0O,CCH3), with
methacrylic acid was employed to synthesize branched
polymers via the generation (in situ) of inimers with
methacryloyloxy groups attached to the HV iodine(lll) center.
More recently, stimuli-responsive and reductively degradable
branched polymers were reported containing
(diacyloxyiodo)arene groups as structural elements, i.e., at each
branching point connecting two linear chains.®> The addition of
acetic acid to solutions of these polymers led to fast
degradation and it was speculated that the degradation induced
by ligand-exchange with free carboxylates could be reversible,
i.e., that the materials could be dynamic in nature.
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Herein, we report the preparation of dynamic gels by
substitution of the acetoxy groups in Phl(02CCHs), by polymer-
bound carboxylate groups. The presence of multiple unreacted
pendant carboxylate groups, which can participate in ligand-
exchange reactions with the HV iodine(lll) centers at the
crosslinking points, makes the materials both dynamic and self-
healing. Further, advantage is taken of the fact that HV
iodine(lll) compounds ArlL, decompose homolytically upon
irradiation or heating with the formation of the monovalent
iodine compound, iodoarene Arl, and the radicals L*,50 55,58, 59,
66-68 which can react with a substrate or couple. The coupling
reaction between the macromolecular carboxylate radicals
and/or the alkyl radicals that are formed by their
decarboxylation can reasonably be expected to vyield
irreversibly the formation of permanently crosslinked polymers.
The feasibility of this approach, which converts the dynamic to
“set” gels, and which provides flexibility to use the same
polymer network for various applications, is demonstrated.

”

Experimental Section

Materials

Styrene (Sty, 99%, Alfa Aesar) and tert-butyl acrylate (tBA,
98%, Aldrich) were purified before the polymerizations by
passing through a column filled with basic alumina to remove
the inhibitor. The radical initiator, 1,1’-
azobis(cyclohexanecarbonitrile) (ACHN, 98%, Aldrich), anisole
(99%, Acros), CF3CO,H (99%, Aldrich), PhI(O,CCHs), (98%,
Acros), glacial CH3CO;H (99.7%, Fisher), NaN3 (99.5%, Aldrich),
tri-n-butylphosphine (BusP, 95%, Alfa Aesar), indigo carmine (>
80%, Fisher), N,N-dimethylacetamide (DMAc, 99%, Alfa Aesar),
1,4-dioxane (99.8%, Alfa Aesar), dichloromethane (99%, Fisher),
methanol (MeOH, 99%, Fisher), and tetrahydrofuran (THF,
99.5%, EMD Miillipore) were used as received. The chain
agent, (2-(((butylthio)carbonothioyl)thio)-2-
methylpropanoic acid (BMP), was synthesized by following a
reported method.5° Cobalt Blue was prepared by first drying a

transfer

mixture of cobalt(ll) and aluminum hydroxides (1:2 molar ratio)
at 120 °C for 40 h and then calcining the obtained material at
1000 °C for 6 h.7° The deuterated solvents, acetone-ds (99.9%
D, Cambridge Isotope Laboratories) and DMSO-ds (99.9% D,
Cambridge Isotope Laboratories), contained a small amount of
tetramethylsilane (TMS) as the chemical shift reference.

Analyses and characterization methods

Molecular weights and molecular weight distribution
(MWD) dispersities (B =
exclusion chromatography (SEC) on a Tosoh EcoSEC system
equipped with a series of 4 columns (TSK gel guard Super HZ-L,
Super HZM-M, Super HZM-N, and Super HZ2000) and using
refractive index (RI) and UV detectors. THF was used as the
eluent at a flow rate of 0.35 mL min-1 (40 °C). The SEC calibration
was based on linear polystyrene standards. The total monomer
conversion was determined by *H NMR spectroscopy, using a

Mw/M,) were determined by size
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Bruker Avance DRX (400 MHz) or a JEOL ECCA (500 MHz)
spectrometer, by monitoring the decrease of the sums of
intensities of the vinyl peaks (from Sty and tBA) relative to the
intensity of the methoxy protons of anisole (internal standard
present in the reaction mixtures). Rheological data was
obtained by using a Discovery Hybrid HR-3 rheometer (TA
instruments) with cone plate geometry (diameter of 40 mm,
cone angle 2° 00" 32”, truncation gap 53 um). All rheological
measurements were carried out at 25 °C, which was controlled
with a Peltier thermo-module unit. The entire plate was covered
with sample (2 mL) for consistent results and the measurements
were performed 30 min after mixing of the components of the
gel. Photochemical curing was conducted by either UVP CL-
1000L UV crosslinker (365 nm) or Ushio G20T10 low pressure
mercury arc UV lamps (254 nm, 21 W). Thermal curing was
carried out in a CEM Discover SP microwave reactor (300 W).
The time-lapse video of gel healing was taken by using AmScope
optical microscope and MD600E camera.

Synthetic procedures

Synthesis and characterization of poly(Sty-co-tBA). Random
copolymer of Sty and tBA with equal monomer feed ratio was
synthesized by mixing Sty (15 mL, 0.131 mol), tBA (19.16 mL,
0.131 mol), BMP (0.0264 g, 1.05x10* mol), ACHN (0.0128 g,
5.24x10° mol), and anisole (internal standard, 2 mL) in a round
bottom flask equipped with magnetic stir bar. The flask was
sealed with a rubber septum and was placed in an ice-water
cooling bath in order to minimize evaporation of the reaction
components during the following purging with nitrogen. The
reaction mixture was deoxygenated by purging with nitrogen
for 20 min. The flask was then immersed in an oil bath at 85 °C
and samples were withdrawn from the mixture at timed
intervals with a nitrogen-purged syringe for 1H NMR analysis
(after dilution with acetone-ds) or for SEC analysis (after dilution
with THF). After reaching the targeted molecular weight, the
polymerization was quenched by exposing the reaction mixture
to air. The mixture was then diluted with CH,Cl, and the
polymer was precipitated in methanol. The reprecipitation was
repeated two additional times, and the polymer was dried. In
other experiments, the molar ratios of Sty and tBA were
changed to 1:3 and 3:1, keeping the same total monomer to
chain transfer agent (BMP) ratio. Polymerization kinetics as well
as the evolution of molecular weights and MWD dispersities
with conversion, and individual SEC traces are shown in Fig. S1
in the Supporting Information (Sl).

Conversion of poly(Sty-co-tBA) to poly(Sty-co-AA) (AA = acrylic
acid). Sty-tBA copolymer (0.06 mol with respect to tert-butyl
groups, i.e., 15-20 g depending on copolymer composition) was
dissolved in CH,Cl; (50 mL) and CF3CO3H (15 mL, 0.2 mol) was
added to convert the tert-butyl ester into carboxylic acid
groups. The reactions were monitored by *H NMR spectroscopy
and after 4 h, when the methyl proton peak from the tert-butyl

This journal is © The Royal Society of Chemistry 20xx
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groups (at ca. 1.5 ppm) was no longer discernable (Fig. S2), the
mixture was diluted with acetone (25 mL) and the polymer was
precipitated in methanol-water (2:1 (v/v)). The reprecipitation
procedure was repeated once again. The polymers were then
dried under vacuum for a day.

Preparation of gels with (diacyloxyiodo)benzene-type crosslinking
groups. To study the formation of gels, first, a stock solution of
Phl1(O,CCHs); (0.15 M) was prepared by dissolving the HV iodine
compound (0.483 g, 1.5 mmol) in DMAc (10 mL). The second
stock solution contained the carboxylate-containing copolymer
in DMACc (10 mL). Due to the different solubilities of the three
investigated polymers, their amounts in the stock solutions
differed. The stock solution of Sty;AAqs contained 1.7 g of the
polymer (corresponding to 0.58 M concentration of carboxylate
groups), that of Sty;AAq 7 contained 1.6 g of the polymer (0.70
M of carboxylate groups), and that of Sty;AAqs was prepared
from 1.4 g of the polymer (0.73 M of carboxylate groups). The
stock solutions of the two gel precursors, in some cases, after
dilution with DMAc, were mixed at different ratios. It was
ascertained that in all cases, the copolymer with the lowest
fraction of carboxylate pendant groups, Sty:AAos, formed very
loose gels, which could not be taken out of the reaction vials
and could not be subjected to rheological measurements. The
gels prepared from the copolymer with the highest fraction of
carboxylate groups, StyiAAos, formed quickly but were not
“homogenous”, and were not suitable for
rheological studies that yielded consistent and reproducible
results. However, the dynamic properties of a gel prepared by

uniform or

mixing the mentioned Sty;AApg stock solution and the
PhI(O,CCH3s), stock solution (3:2 (v/v)) could be examined
visually (Fig. 1). The gels derived from Sty;AAq; (intermediate
fraction of carboxylate groups) were the most homogeneous.
Gels that could be studied both visually (Fig. 2) and by rheology
(Fig. 3) were prepared by mixing that copolymer solution (0.35
M of carboxylate groups, prepared after dilution of the stock
solution with DMAc) with Phl(O>CCHs), stock solution (4:1
(v/v)).

The stability of some of the prepared gels with respect to
monocarboxylic acids (CH3CO2H), azides, and phosphines was
examined by adding various amounts of the mentioned
reagents to the swollen gels, as described in the Results and
Discussion section.

In some cases, to achieve better visibility of the gels, a small
amount of indigo carmine was added, but, due to the tendency
of this dye to change color and fade over time in the presence
of the components of the gels, most of the colored gels were
prepared using Co Blue (selected because of its stability in the
presence of many reagents, including oxidants79).

Conversion of dynamic to non-dynamic (permanent, “set”)
networks by irradiation with UV light. The gels were prepared by
mixing 300 pL of Sty;AAos solution (0.73 M with respect to
carboxylate groups) with 200 pL of Phl(O2CCHs); solution (0.15

This journal is © The Royal Society of Chemistry 20xx
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M) in DMACc in a glass tube. After 10 min, the glass tube was
exposed to UV light (UVP CL-1000L UV crosslinker, 365 nm) for
30 min. Subsequently, 500 puL of DMAc was added to the tube
along with 100 uL of glacial CH3CO;H to check the stability of the
network.

Larger amounts of gels were prepared by mixing 400 uL of
Phl(O,CCHs), (0.15 M) solution with 1600 pL of Sty;AAq7 (0.35
M) solution in DMAc in a 10 mL glass beaker. After 10 min of
mixing, the gel was cured by exposing it to two low pressure
mercury arc UV lamps (254 nm, 21 W) for 90 min. The light
source was kept ca. 5 inches above the surface of the gel. After
curing, the gel was washed twice with 1 mL of DMAc to remove
the byproducts (e.g., iodobenzene and the products of its
photochemical decomposition) and the gel was subjected to
rheological examination.

Conversion of dynamic to non-dynamic (permanent, “set”)
networks by thermal curing. Gels were prepared by mixing 300
uL of Sty1AAgs solution (0.21 M with respect to carboxylate
groups) with 200 pL of freshly-prepared PhI(O,CCHs), solution
(0.10 M) in 1,4-dioxane in a microwave tube, which was then
kept in a microwave reactor at 200 °C for 2 min. The power was
set to 300 W and the timer was started when the temperature
reached 200 °C. The total reaction time (including heating and
cooling) was 40 min. At the end of the procedure, the gel was
washed two times with 500 pL of 1,4-dioxane, which was
discarded and then 100 pL of CH3CO,H along with 500 pL of 1,4-
dioxane were added to the tube. The stability of the gel in the
presence of CH3CO,H was inspected visually just after the
addition of the acid and 72 h later.

Results and Discussion

HooC S_ S,
P = X y Y CeHo e X! yz
ACHN, BMP, 85 °C H CF3COH
m +n0” 0 —0m7m8F7 —————— o~ o pr—— 0~ "OH
/k\ /‘V CH,Cl,

Mnapp (kg/mol) D CN
wom OB
NC

Copolymer m:n(feed) x:y

Sty1AAss 143 1:09 837 1.36
Sty1AAs7 1:1 1:07 845 137 i J(
= NN
Sty1AAgs 3:1 1:05 880 139 BMP $7 87 COOH

Scheme 1 Synthesis of carboxylate group-containing copolymers by copolymerization of
Sty and tBA under RAFT polymerization conditions, followed by deprotection of the tert-
butyl ester groups in the presence of CF;CO,H.

The reversible addition—fragmentation chain transfer (RAFT)
polymerization’t74 of Sty and tBA (Scheme 1) was performed to
prepare three different random copolymers — Sty:tBAos, Styi1tBAo7,
and StyitBAos, where the numbers indicate the molar ratios of the
monomer units in the final isolated copolymers (determined by *H
NMR spectroscopy). The polymerizations were carried out in bulk at
85 °C for 40-50 h, depending on the monomer feed ratio. ACHN was
chosen as initiator because of its relatively long half-life time at the
conditions of the experiment (the reported value is 16 h at 85 °C in
toluene’?). BMP was used as the chain transfer agent, which controls

J. Name., 2013, 00, 1-3 | 3
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Scheme 2 Preparation of dynamic gels via carboxylate ligand-exchange reactions with Phl(0,CCHj3),, curing of the gels using light or heat, and conversion of the dynamic to permanent

network following the coupling of some of the radicals formed during the curing step.

well the polymerization of both acrylates and styrenes. As the
polymerizations proceeded, the number-average molecular weights
(Mn,app) increased and the MWDs narrowed (Fig. S1). After
purification of the random copolymers, the tert-butyl ester groups
were removed using CF3CO,H. The apparent molecular weights of all
three copolymers after the deprotection were similar (83,700-88,000
g/mol).

Preparation of dynamic gels

(Diacyloxyiodo)arenes can participate in ligand-exchange
reactions with various nucleophiles, including carboxylates. This
reaction was taken advantage of and dynamic networks were
prepared by displacing the acetoxy ligands in PhI(O,CCHs), by

CH,COH
DMAc

Fig. 1 Dynamic gel 15 min after mixing copolymer Sty;AAqo (300 pL, 0.73 M with respect
to carboxylate groups) and Phl(O,CCHs), (200 pL, 0.15 M) solutions (a); gel immediately
after addition of DMAc and CH3CO,H (600 L, 5:1 (v/v)) (b); and degraded gel 12 h after
the addition of CH3CO,H (c). The precipitate on the bottom of the tube consists of Co
Blue.

the pendant carboxylate groups in poly(Sty-co-AA), as shown in
Scheme 2. Three different poly(Sty-co-AA) copolymers
(designated Sty1AAo.s, Sty1AAo7, and StyiAAos, as explained in

4 | J. Name., 2012, 00, 1-3

Scheme 1) were prepared by removal of the tert-butyl ester
groups in the poly(Sty-co-tBA) precursors by treatment with
CF3CO,H. A dynamic gel was then prepared by mixing 200 pL of
PhI(O,CCH3); (0.15 M) and 300 pL of Sty;AAgs (0.73 M with
respect to carboxylate groups) solutions in DMAc, with or
without addition of trace amounts of indigo carmine or Co Blue
(used for better visualization). Once the gel was formed, the HV
iodine center could exchange ligands with unreacted
carboxylate acid groups, or external nucleophiles. The
formation of network polymers and their transformations in the
presence of monocarboxylic acids, or upon irradiation or
heating are presented in Scheme 2. The Sty1AAq s copolymer did
not form a gel with Phl(O,CCHs),, most likely due to insufficient
amount of accessible carboxylate pendant groups in the
copolymer.

To confirm the dynamic nature of the network polymers,
CH3CO2H (100 uL, 1.75 mmol, 58 eq. vs. the originally employed
PhI(O,CCHs),) was added after washing the gel twice with DMAc
and, as expected, the gel completely disintegrated in 12 h to
yield the initial copolymer and Phl(O,CCHs);, as shown
explained in Scheme 1 (top) and as shown in Fig. 1.

The same experiment was repeated with azide as a
nucleophile and the gel degraded, as shown in Fig. S3a-b (SI).
This reaction yields the very unstable PhI(Ns3);,76 which
decomposes readily with the formation of iodobenzene Phl and
the highly reactive azide radicals.”” The dynamic gel also
disintegrated after addition of reducing agents, such as BusP,
which reduces iodine(lll) to iodine(l),78 i.e., Phl (Fig. S3c-d). This
reductive degradation in the presence of BusP was recently

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Gels prepared by mixing solutions of Sty;AAq; (400 pL, 0.35 M with respect to
carboxylate groups) and Phl(O,CCHs), (100 pL, 0.15 M) in DMAc with trace amount of
indigo carmine present in one of the gels (a); the gels cut into two pieces (b); reattached
semicircular segments taken from the two pieces of gels after 30 min (c); and effect of
stretching on the self-healed gel (d).

demonstrated to occur in closely-related branched polymers
with (diacyloxyiodo)benzene groups at the branching points.65

Self-Healing and Rheological Properties of Dynamic Gels

After establishing the dynamic nature of the gels, their
ability to self-heal was examined. In a preliminary experiment,
two disk-shaped gels were prepared by mixing 400 pL of
Sty1AAo7 (0.35 M) solution and 100 pL of PhI(02CCH3); (0.15 M)
solution in DMACc, one of which contained a minuscule amount
of indigo carmine dye to provide color difference, in a cylindrical
container. Gelation occurred within ca. 10 min and the gels
were transparent in appearance (Fig. 2). Then, the disk-shaped
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Fig. 3 G’ and G” values of a gel prepared by using Sty;AAq;and ph|(01[C]CH3)1 in DMACc (a)
on strain amplitude sweep; (b) on angular frequency sweep; (c) in time-dependent
strain sweep measurement, in which, strain was gradually increased from 0.1% to
1300% and then back to 1% strain for 300 s; (d) in continuous step strain measurement,
gel was subjected to 1300% strain for 30 s, then go back to 1% strain in the linear regime
for 120 s, and 3 cycles were carried out.

This journal is © The Royal Society of Chemistry 20xx
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gels were cut in halves and the pieces were swapped and kept
in contact for 30 min without any external pressure. The free
carboxylate groups and HV crosslinks present on the surface of
one piece of cut gel could participate in ligand-exchange with
HV iodine centers on the other piece, which led to re-formation
of the network. The cut between the two original semi-
cylindrical pieces became invisible after 30 min and the healed
gel did not break at the conjoining line even upon stretching.
The self-healing was also monitored under an optical
microscope and a time-lapse video showing healing of the cut
was recorded and can be found in the SI.

The self-healing was then quantified by rheological
measurements (Fig. 3). The elastic response of the crosslinked
network was analyzed first by strain amplitude sweep to
determine the linear viscoelastic regime of the gel. In this
experiment (Fig. 3a), the storage and loss moduli (G’ and G”,
respectively) were recorded as a function of the strain (y) at a
constant angular frequency (w = 10 rad/s). It was noticed that,
in the viscoelastic region, i.e. 0.1% to ca. 500% strain, G’ was
constant and greater than G” but, above a critical strain (y. =
500%), it rapidly began to decline, which suggested the collapse
of the crosslinked network. When the strain was increased to
over 1200%, the values of G’ became lower than G”, which
suggested that virtually no crosslinking between the polymer
chains had been retained. At this point, the gel behaved like a
viscoelastic liquid rather than a solid. In another experiment,
the rheological behavior of the gel was assessed by subjecting it
to increasing angular frequency (w = 0.1-100 rad/s) at a
constant strain (1%), which was in the viscoelastic regime. The
G’ values (ca. 230 Pa) were independent of w and larger than
the G” values over the entire range of angular frequencies (Fig.
3b), which affirmed the re-formation of gel.7°. 80

After the preliminary rheological experiments, self-healing
was confirmed by time-dependent strain sweep and continuous
step-strain measurements. In the time-dependent strain sweep
experiment (Fig. 3c), at first the strain was increased gradually,
from 0.1 to 1300%, to break the network and then the strain
was reduced to 1% for 300 s at a constant angular frequency (w
=10 rad/s). Interestingly, the gel exhibited a swift recovery of
the mechanical strength after large amplitude oscillatory
breakdown. The gel recovered ca. 85% of its original G’ values
in less than 20 s, which demonstrated efficient and rapid self-
healing. Furthermore, continuous step-strain measurements
were conducted to quantify the reproducibility of the self-
healing. In this experiment, the gel was subjected to 1300%
strain for 30 s and then the strain was decreased to 1% for 120
s. This cycle was repeated three times. When nonlinear, large
amplitude oscillations (y = 1300% at w = 10 rad/s) were applied
to the gel, the values of G’ decreased to ca. 10 Pa, resulting in
viscoelastic fluid-like behavior (tan 6 (G”/G’) = 1.5). However,
when the strain was decreased to 1%, the values of G’ recovered
promptly (within 20 s) to ca. 100 Pa and G’ values became
greater than G” values, showing quasi-solid-like behavior (Fig.
3d). Although the G’ values were not completely restored after
each cycle, the recovery of the gel was reproducible for at least
three cycles. This was the conclusive evidence of self-healing
nature of the gel.

J. Name., 2013, 00, 1-3 | 5
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Conversion of Dynamic to Permanent Gels

The HV I-O bonds in Arl(O,CR), can dissociate homolytically
upon irradiation or heating to yield acyloxy radicals (RCO,*) or
the products of their decarboxylation (R*), along with iodoarene
Arl. This property of the HV bonds enabled the conversion of
the dynamic to permanently crosslinked gel by exposing the
former to UV light or heat. During this treatment,

macromolecular acyloxy and eventually alkyl radicals are
generated (bottom of Scheme 2). Several types of bonds can be
formed by combination of the radicals: weak O-O bonds
cleaved

(coupling of acyloxy radicals), which can be

(1) UV Curing
—_—
(2) CH;CO,H

124h

1 week

Fig. 4 a) Gel 15 mins after mixing of Sty;AAg (300 pL, 0.73 M with respect to carboxylate
groups) and PhI(O,CCHs), (200 uL, 0.15 M) solutions in DMAc. b) Gel after 30 min of UV
curing and addition of CH3CO,H in DMAC (600 pL, 1:5 (v/v)). c) Washed gel 24 h after the
addition of CH3CO,H and DMAc, and d) the same swollen gel after 1 week.

homolytically again to acyloxy radicals, or the stable C-C or C-O
bonds, which are actually responsible for the formation of
permanent networks. The efficiencies of all these combination
reactions depend on the flexibility of the polymer chains in the
medium and the ease of diffusion of the macromolecular
radicals. If these radicals cannot diffuse fast enough to couple,
transfer reactions with the solvent are likely to occur, which
would minimize and might even completely prevent the
formation of permanent crosslinks.

To show the conversion of dynamic to set, non-dynamic,
network, an experiment was carried out by exposing the
dynamic gel, prepared by mixing 200 pL of Phl(O2CCHs), (0.15
M) solution and 300 pL of Styi1AAgs (0.73 M with respect to
carboxylate groups) solution in DMAc along with trace amount
of Co Blue, to UV light (365 nm) for 30 min in a glass tube (Fig.
4). After curing, 500 pL of DMAc was added to the tube along
with 100 pL of glacial CH3COH. It was noticed that although
some fraction of the gel degraded, a significant portion
remained intact even after 24 h. This suggested that the
dynamic gel was at least partially converted to permanently
crosslinked network. However, due to the moderate efficiency
of radical coupling, and inconsistent curing throughout the gel,
not all the dynamic linkages were converted to permanent
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Fig. 5 Continuous step-strain measurement of the UV cured gel, in which, gel was
subjected to 1300% strain for 30 s, then go back to 1% strain in the linear regime for 120
s, and 3 cycles were done.

bonds. In addition, transfer reactions to the solvent could have
occurred. The gel was then washed again with DMAc until all
the side products and extra Co Blue were removed. Then, 1 mL
of DMAc was added, followed by 100 uL of glacial CH3CO,H and
the gel was left for 1 week. Even after that period, the gel did
not degrade but swelled to a larger degree than the original
dynamic precursor (Fig. 4d), owing to low crosslinking density
after the curing.The main text of the article should appear here
with headings as appropriate.

To confirm the formation of permanently crosslinked
network, continuous step-strain measurements were carried
out on the UV-light-cured gel. In this experiment, a dynamic gel
was formed by mixing 400 uL of PhI(O,CCHs), (0.15 M) solution
with 1600 pL of StyiAAg; (0.35 M) solution in DMAc.
Subsequently, the gel was cured by using two UV lamps (254
nm, 21 W) for 90 min, followed by continuous step-strain
measurement. The gel was subjected to high-amplitude
oscillations (y = 1300%, w = 10 rad/s) for 30 s, resulting in an
increase in the tan 6 value, which showed quasi-liquid-like
behavior (Fig. 5). Moreover, G’ did not recover to even close to
its original value of 230 Pa. The average G’ value measured
under low amplitude oscillations (y = 1%, w = 10 rad/s) was only
33 Pa, which clearly suggested the scarcity of dynamic bonds, as
expected. The data indicated that the major fraction of dynamic
HV bonds were converted to permanent crosslinks (since the gel
did not degrade in the presence of CH3CO;H). The self-healing
efficiency was significantly decreased after the second and third
cycle of high-amplitude oscillations due to unrecoverable
damage to the dynamic bonds and crosslinked network during
the first damage.

Similar conversion to permanent gel was achieved by
microwave heating, but the gel was either completely degraded
or not properly cured even after trying several different
conditions. This is due to the high dielectric constant of DMAc, 81
because of which, this medium attains high temperature even
at low power of the microwave irradiation and in a short time.
The steep increase in temperature did not provide sufficient
time for the gel to set. Therefore, a lower dielectric constant
solvent, 1,4-dioxane,81 was chosen, which proved to be optimal
also because it dissolved well both Phl(0,CCHs), and the Sty-AA
copolymers, and swelled the final network polymer. The
thermal curing of these gels was markedly improved compared

This journal is © The Royal Society of Chemistry 20xx
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to similar systems using DMAc as the medium as shown in Fig.
S4 (Sl).

Although the conversion of dynamic into permanent
networks has been reported previously,’* the approach
presented here has the advantage of using readily accessible
monomers and crosslinkers. In principle, any polymer
containing carboxylate groups can be employed to prepare
dynamic networks, which can be readily converted into
permanent ones by simple irradiation or thermal treatment.

Conclusions

Dynamic gels were prepared using ligand exchange reaction
between Phl(0,CCHs),; and the free pendant carboxylate groups
in copolymers of Sty and AA. The gels exhibited self-healing,
were confirmed by rheological measurements. The dynamic gel
prepared by mixing 4:1 volume ratio Sty;AAq7 (0.35 M) and
Phl1(0,CCHs); (0.15 M) solutions in DMAc, respectively, showed
85% recovery even after 1300% strain in less than 20 s over
several cycles. Furthermore, the conversion of dynamic to
permanent gels following exposure to UV light or microwave
heating was demonstrated. The conversion of dynamic gel to
permanent crosslink network was visually confirmed by adding
CH3CO3H to the gel, which did not degrade the network even
after a week. The formation of permanent gel was confirmed by
continuous step-strain measurements, during which the gel
showed poor recovery due to conversion of majority of dynamic
bonds to permanent bonds by irreversible radical coupling
reaction between the macromolecular carboxylate radicals
and/or the alkyl radicals, which are product of their
decarboxylation, produced by the photochemical or thermal
cleavage of the (diacyloxyiodo)benzene bridging groups.
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