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ABSTRACT: Polyisobutylene (PIB)-based polymer networks poten-
tially useful as smart coatings for photovoltaic devices have been
developed. Low molecular weight coumarin functional triarm star PIB
was synthesized via a single step SN2 reaction of bromoallyl functional
triarm star PIB with 4-methylumbelliferone or umbelliferone in the
presence of sodium hydride. Quantitative end functionality was
confirmed by matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry. UVA (λmax = 365 nm) induced reversible photo-
dimerization of the coumarin moieties resulted in cross-linked
elastomeric films exhibiting self-healing behavior. The extent of
photodimerization/photoscission was monitored by UV−vis spectroscopy. The low oxygen (1.9 × 10−16 mol m m−2 s−1

Pa−1) and moisture (46 × 10−16 mol m m−2 s−1 Pa−1) permeability of the cross-linked polymer films suggest excellent barrier
properties of the cross-linked polymer films. The self-healing process was studied by atomic force microscopy (AFM). For this,
mechanical cuts were introduced in the cross-linked PIB films through micromachining with an AFM tip and the rate of healing
induced by UV, sunlight, or both was followed by taking AFM images of the film at different time intervals during the repair
process.
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■ INTRODUCTION

Because virtually all materials are susceptible to degradation,
self-healing is of great interest to extend the lifetime of
materials. The ultimate goal in designing self-healing materials
is to achieve healing not only at the microscopic level but also
at the nanoscopic level. This is required to arrest crack
propagation (which might lead to macroscopic changes in the
material), to prevent catastrophic system failure, and to restore
all the properties of the material. While there are many
examples of self-healing in nature, generally it is difficult to
translate these into engineered materials. The first application
of autonomic self-healing was reported by White and his
collaborators, who first reported self-healing without an external
trigger using a microencapsulated healing agent that was
released upon crack formation leading to the subsequent
polymerization of the healing agent.1 While many improve-
ments were subsequently made by the same group of authors2,3

and other researchers,4 a disadvantage of the microcapsule-
based self-healing approach is that multiple healing is not
possible. Nonautonomic healing requires an external trigger
such as optical,5 thermal,6,7 electrical,8,9 or chemical stimuli.10

However, multiple healing of a microscopic crack is possible. In
practice, reversible interactions such as metal-ligand coordina-
tion,11,12 dynamic covalent bonds,13,14 hydrogen bonding,15,16

ionic interactions,17,18 and π−π stacking interactions19,20 have
been used to heal damage. Reversible photocyclizations are of
great commercial importance as a self-healing trigger due to the

capability to heal repeated damage at the same position.21

Moreover, these photoreactions are inexpensive and environ-
mentally friendly. Olefinic compounds such as cinnamic acid,
anthracene, thymine, coumarin, and so on undergo [2 + 2]
cyclodimerization upon irradiation with ultraviolet (UV) light
of wavelength (λ) > 300 nm to form cyclobutane adduct. Upon
irradiation with shorter wavelength of light, they revert back to
the starting olefins. Researchers have utilized these reversible
cyclodimerization reactions to prepare self-healing polymer
systems.22,23 Nagata and co-workers developed shape memory
polymers by reversibly photo-cross-linking the pendent
coumarin groups of poly(ε-caprolactone),24 block copolymers
composed of ε-caprolactone and L-lactide,25 and multiblock
copolymers based on poly(ε-caprolactone) and poly(L-lactide)
segments.26

Organic semiconductor based devices,27 such as organic light
emitting devices (OLED), photovoltaic (PV), and organic solar
cells28 have gained substantial attention in recent times.
However, these devices are especially susceptible to damage
upon extended exposure to hot and humid environmental
conditions.29,30 Rigid or flexible organic polymeric materials
such as poly(methyl methacrylate) (PMMA) or PMMA-
polyolefin have been used as coatings to support and provide
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protection to the underlying semiconductor layers.31,32 These
coatings, however, may themselves be susceptible to the
formation of cracks or micro scratches upon prolonged
exposure to unfavorable environmental conditions. These
cracks or micro scratches act as a stress concentrator site,
ultimately allowing moisture to pass through the coating and
eventually damage the OLED and PV systems. Furthermore,
these coating materials are generally too permeable to moisture
and oxygen.33,34 Hence, in order to obtain flexible organic solar
cells with long lifetimes that are devoid of micro scratches, it
seemed important to develop coating materials with the
following properties: (1) a high barrier to water and oxygen,
(2) optical transparency, and (3) flexibility, as well as self-
healing property.
Polyisobutylene (PIB)-based networks possess excellent

flexibility, strong adherence to substrate, good damping and
barrier properties, thermal stability, and excellent chemical and
solvent resistance.35,36 The above properties can be utilized
effectively for coatings of OLED, PV, and solar cells. The
current work describes the development of a self-healing, gas
impermeable elastomeric sealant consisting of a cross-linked,
transparent polymer network that exhibits photoinduced crack
healing. To the best of our knowledge, this is the first example
of sunlight-induced self-healing material.

■ EXPERIMENTAL SECTION
Materials. Isobutylene (IB, Matheson Tri Gas) and methyl

chloride (MeCl, Airgas) were dried in the gaseous state by being
passed through in-line gas-purifier columns packed with BaO/Drierite
and then condensed in a receiver flask at −80 °C before use.
Titanium(IV) chloride (TiCl4, Sigma-Aldrich, 99.9%), 2,6-di-tert-
butylpyridine (DTBP, Aldrich, 97%), 1,3-butadiene (BD, Aldrich,
>99%), lithium bromide (LiBr, Aldrich, ≥98%), 4-methylumbellifer-
one (MUMB, Aldrich, ≥98%), umbelliferone (UMB, Aldrich, 98%),
sodium hydride (NaH, Aldrich, 60% dispersion in mineral oil),
potassium hydroxide (KOH, Aldrich) and sodium sulfate (Na2SO4,
Aldrich) were used as received. Tetra-n-butylammonium bromide
(TBAB, Alfa Aesar, 95%) was used without further purification. 1,3,5-
Tricumyl chloride (TCC) was synthesized by hydrochlorination of the
corresponding tricumyl alcohol according to a procedure described in
the literature.37

Hexanes, mixture of isomers (Hex, Sigma-Aldrich, ≥98.5%, ACS
reagent) was purified by refluxing over concentrated sulfuric acid for
48 h. It was then washed with aqueous solution of KOH three times
followed by washing with distilled water until neutral to pH paper. It
was kept over anhydrous Na2SO4 overnight at room temperature and
finally distilled over CaH2 under a nitrogen atmosphere twice before
use in the polymerization. Tetrahydrofuran (THF, Aldrich, 99%) was
dried by refluxing them over benzophenone (99%, Sigma-Aldrich) and
Na-metal (99.9%, Sigma-Aldrich) overnight and distilled under N2
atmosphere before use.
Synthesis of Triarm Star (PIB-Allyl)3-Cl. Triarm star (PIB-

Allyl)3-Cl of molecular weight ∼2000, 5000, and 10 000 g mol−1 were
synthesized by living cationic polymerization of IB followed by end-
capping with BD in Hex/MeCl 60/40 (v/v) mixture at −80 °C using
the TCC/TiCl4 initiating system in a MBraun MB200MOD stainless
steel glovebox (Innovative Technology, Inc.) equipped with a gas
purification system (molecular sieves and copper catalyst) under dry
nitrogen atmosphere using a modification of a procedure described
previously.38 In a typical experiment, living cationic polymerization of
IB was carried out in Hex/MeCl 60/40 (v/v) at −80 °C using these
following initial concentrations of reactants: [TCC] = 0.0185 M,
[DTBP] = 0.004 M, [IB] = 0.5 M, and [TiCl4] = 0.036 M. In a 500
mL round bottomed flask equipped with an overhead mechanical
stirrer, 7.8 mL of IB, 180 μL of DTBP, 112.2 mL of hexane, 1.132 g of
TCC, 61.1 mL of MeCl was added, and the mixture was cooled to −80
°C. 7.9 mL TiCl4 was added to 50 mL MeCl to prepare a stock

solution of TiCl4 in MeCl. Then, 5 mL of this solution was added to
the culture tube to initiate the polymerization. After 60 min of IB
polymerization, 5 mL of the reaction mixture was taken out using a dry
syringe and quenched with 0.5 mL of prechilled methanol for the
characterization of precursory PIB, and to the rest, appropriate
amounts of BD (22.2 mmol at −80 °C) was added under stirring. The
reaction was continued for another 4 h. After that, the polymerization
was terminated by the addition of 5.0 mL of prechilled methanol at
−80 °C. The solvent was evaporated and the crude product was
dissolved in Hex. It was then added dropwise to methanol under
stirring condition and then allowed to settle down. This dissolution/
precipitation step was repeated twice more. Methanol was then
decanted out, and the polymer was vacuum-dried for 12 h in a vacuum
oven at room temperature to remove any residual methanol. Both
precursory PIB and triarm star (PIB-Allyl)3-Cl were characterized
using SEC (Table S1 and Figure S1, Supporting Information).
Structural characterization of triarm star (PIB-Allyl)3-Cl samples were
performed by 1H NMR spectroscopy (Figure 1). 1H NMR (500 MHz,

CDCl3, 25 °C, TMS): δ = 7.17 ppm (s, 3H, ArH of TCC), 5.81 ppm
(m, 1H, −CHCHCH2Cl), 5.62 ppm (m, 1H, −CHCHCH2Cl),
4.06 ppm (d, 2H, −CH2Cl), 1.43 ppm (s, nH, −CH2C(CH3)2−
CH2CHCHCH2Cl), and 1.1 ppm (s, nH −CH2C(CH3)2CH2CH
CHCH2Cl).

Synthesis of Triarm Star (PIB-Allyl)3-Br. (PIB-Allyl)3-Br was
obtained by halogen exchange reaction between (PIB-Allyl)3-Cl and
LiBr using a modification of the procedure reported earlier.39 The
reaction was carried out in dry THF using a large excess of anhydrous
LiBr with respect to (PIB-Allyl)3-Cl ([LiBr]/[ (PIB-Allyl)3-Cl]) =
201) under a dry nitrogen atmosphere. In a typical experiment, (PIB-
Allyl)3-Cl (Mn,SEC = 2000, Mw/Mn = 1.21, 5.670 g, 2.8 mmol), LiBr
(48.880 g, 562.8 mmol) and THF (75 mL) were taken in a two-
necked round bottomed flask and refluxed with stirring for 12 h. After
that, it was cooled to room temperature, and THF was evaporated
under reduced pressure using a rotary evaporator. The crude polymer
was dissolved in Hex and taken in a separatory funnel. Excess LiBr was
removed by washing with distilled water twice, and the organic layer
was dried over anhydrous Na2SO4. The polymer was further purified
by dissolving in Hex and precipitating in methanol. This dissolution/
precipitation cycle was repeated twice more. Methanol was then
decanted, and the polymer was vacuum-dried for 12 h in a vacuum
oven at room temperature to remove any residual methanol. Structural
characterization of triarm star (PIB-Allyl)3-Br samples were performed
by 1H NMR spectroscopy (Figure 1). 1H NMR (500 MHz, CDCl3, 25
°C, TMS): δ = 7.17 ppm (s, 3H, ArH of TCC), 5.79 ppm (m, 1H,
−CHCHCH2Br), 5.68 ppm (m, 1H, −CHCHCH2Br), 3.98 ppm
(d, 2H, −CH2Br), 2.1 ppm (d, 2H, −CH2CHCHCH2Br), 1.43 ppm
(s, nH, −CH2C(CH3)2−CH2CHCHCH2Br) and 1.1 ppm (s, nH
−CH2C(CH3)2CH2CHCHCH2Br).

Synthesis of Triarm Star (PIB-MUMB)3. Typically, triarm star
(PIB-Allyl)3-Br (Mn,SEC = 2000, Mw/Mn = 1.21, 5.0 g, 2.5 mmol) was
dissolved in dry THF (75 mL) in a two-necked round bottomed flask.
Then, MUMB (2.20 g, 125 mmol), TBAB (52.38 g, 162.5 mmol), and
NaH (1.8 mg, 75 mmol) were added to it and the mixture was refluxed
under a dry nitrogen atmosphere for 12 h. After that, the reaction

Figure 1. 1H NMR spectra of (PIB-Allyl)3-Cl (A), (PIB-Allyl)3-Br (B)
and (PIB-MUMB)3 (C) in CDCl3. (*) Solvent (methanol) peak.
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mixture was cooled to room temperature. THF was evaporated using a
rotary vacuum evaporator, the residue was dissolved in hexanes, and
the solution was filtered. The filtrate (polymer solution) was
concentrated by evaporation and precipitated in methanol. The
polymer was allowed to settle down and the supernatant liquid was
decanted. This dissolution/precipitation cycle was repeated twice
more. Finally, the polymer was dried under vacuum at room
temperature for 12 h. Triarm star (PIB-MUMB)3 samples were
characterized using SEC (Table 1 and Figure S1, Supporting

Information). Quantitative end functionality of the triarm star (PIB-
MUMB)3 samples were confirmed by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF MS; Figure
2) and also by electrospray ionization time-of-flight mass spectrometry

(ESI-TOF MS) spectrum for (PIB-MUMB)3-2k (Figure S2,
Supporting Information). Structural characterization of triarm star
(PIB-MUMB)3 samples were performed by 1H NMR spectroscopy
(Figure 1). 1H NMR (500 MHz, CDCl3, 25 °C, TMS): δ = 7.48 ppm
(d, 1H, ArH), 7.13 ppm (s, 3H, ArH of TCC), 6.82 ppm (m, 2H,
−ArH), 6.11 ppm (s, 1H, −ArH), 5.89 ppm (m, 1H, −CH
CHCH2O−), 5.68 ppm (m, 1H, −CHCHCH2O−), 4.57 ppm (d,
2H, −CHCH2O−), 2.39 ppm (s, 1H, −OCOCH−), 1.42 ppm (s, nH,
−CH2C(CH3)2−CH2CHCHCH2O−) and 1.1 ppm (s, nH
−CH2C(CH3)2CH2CHCHCH2O−).
Synthesis of Triarm Star (PIB-UMB)3. Triarm star (PIB-UMB)3-

2k was synthesized following the same method described above for the
synthesis of triarm star (PIB-MUMB)3. In this case, UMB was used in

place of MUMB. Mn and Mw/Mn of (PIB-UMB)3-2k were determined
by SEC (Figure S5, Supporting Information). Structural character-
ization of triarm star (PIB-UMB)3 samples were performed by 1H
NMR spectroscopy (Figure S6, Supporting Information). 1H NMR
(500 MHz, CDCl3, 25 °C, TMS): δ = 7.61 ppm (d, 1H, ArH), 7.36
ppm (d, 1H, ArH), 7.13 ppm (s, 3H, ArH of TCC), 6.83 ppm (m, 2H,
−ArH), 6.23 ppm (m, 1H, −ArH), 5.90 ppm (m, 1H, −CH
CHCH2O−), 5.67 ppm (m, 1H, −CHCHCH2O−), 4.56 ppm (d,
2H, −CHCH2O−), 2.39 ppm (s, 1H, −OCOCH−), 1.42 ppm (s, nH,
−CH2C(CH3)2−CH2CHCHCH2O−) and 1.1 ppm (s, nH
−CH2C(CH3)2CH2CHCHCH2O−).

Procedure for Photodimerization/Photocleavage Study. A 2
wt % solution of (PIB-MUMB)3 or (PIB-UMB)3 in THF was prepared
by dissolving 20 mg of the polymer in 1.0 mL of the solvent. The
solution was filtered through 0.45 μm pore size filter paper to obtain a
clear homogeneous solution. It was then drop casted on a clean glass
slide. The solvent was allowed to evaporate at room temperature, and
the sample was finally dried under vacuum at room temperature in the
dark for 12 h to remove traces of THF prior to analysis. The
photodimerization reaction of polymer films were carried out at room
temperature by irradiating the (PIB-MUMB)3 or (PIB-UMB)3 samples
using a 400 W high-pressure mercury lamp (Uvitron International,
Inc., PORTA-RAY 400 R) at λmax = 365 nm (UVA irradiation). The
photocleavage was accomplished by irradiation at λmax = 254 nm
(UVC irradiation) using a 400 W medium pressure visible lamp from
Uvitron International, Inc. The thin films of the polymer samples on a
clean glass slide were placed at a distance of 15 cm below the lamp.
The extent of photodimerization/photocleavage was monitored by
UV−vis spectroscopy. A gradual decrease and increase of absorbance
of coumarin moiety at 320 nm with time was observed during
photodimerization and photocleavage, respectively.

Preparation of Cross-linked PIB Network for Permeation
Study. After optimizing the irradiation time from the kinetic study of
the photodimerization, a 2 wt % solution of the polymer in THF was
taken in 5 cm2 Teflon mold. The solvent was allowed to evaporate,
and the polymer was dried under vacuum at room temperature for 12
h and photo cross-linked using a 400 W high-pressure mercury lamp
(Uvitron International, Inc., PORTA-RAY 400 R) for 8 min at λmax =
365 nm (UVA irradiation) to obtain cross-linked polymer sample.

Characterization. NMR Spectroscopy. lH NMR spectra of the
synthesized materials were recorded at 25 °C on a Bruker 500 MHz
spectrometer using CDC13 (Cambridge Isotope Lab., Inc.) as the
solvent and tetramethylsilane (TMS) as the internal reference (δ H
0.00).

SEC Measurements. The absolute number-average molecular
weight (Mn) and molecular weight distribution (Mw/Mn) of the
purified polymers were measured by SEC using a Waters model 717
Plus autosampler, a model 515 HPLC pump, a model 2410 differential
refractometer, a model 2487 UV−vis detector, an online multiangle
laser light scattering (MALLS) detector (MiniDawn, Wyatt Technol-
ogy, Inc.; measurement angles are 44.7°, 90.0°, and 135.4°), an online
differential viscometer (ViscoStar, Wyatt Technology Inc.), and five
Styragel HR SEC columns connected in the following order of pore
diameters: 500, 103, 104, 105, and 100 Å. RI was the concentration
detector. THF was used as the eluent at a flow rate of 1.0 mL min−1 at
room temperature. The results were processed by the Astra 5.4
software (Wyatt Technology, Inc.).

Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass
Spectrometry (MALDI-TOF MS). The MALDI-TOF MS measure-
ments were performed with a Bruker BIFLEX III mass spectrometer
equipped with a time-of-flight (TOF) mass analyzer. In all cases, 19 kV
acceleration voltage was used with pulsed ion extraction (PIETM).
The positive ions were detected in the reflectron mode (20 kV). A
nitrogen laser (337 nm, 3 ns pulse width, 106−107 W cm−2) operating
at 4 Hz was used to produce laser desorption, and 500 shots were
summed. The MALDI-TOF MS spectra were externally calibrated
with poly(ethylene glycol) standards (Mn = 1450 g mol−1 and Mn =
6000 g mol−1) using linear calibration. Samples for MALDI-TOF MS
were prepared with dithranol matrix (20 mg mL−1), (PIB-MUMB)3
(10 mg mL−1) and sodium trifluoroacetate (used as the cationization

Table 1. Molecular Characterization Data of Triarm Star PIB
Samples

sample Mn,NMR
a Mn,SEC

b Mw/Mn
b Mn

c Mw/Mn
c

(PIB-MUMB)3-2k 2360 2100 1.21 2330 1.05
(PIB-MUMB)3-5k 6490 5200 1.16 4590 1.04
(PIB-MUMB)3-10k 12180 10700 1.17 −d −d

aMn determined from 1H NMR by comparing the integration of the
three aromatic protons of the initiator and the aliphatic protons of the
polymer. bMn andMw/Mn values determined by SEC analysis. cMn and
Mw/Mn values determined by MALDI-TOF MS for the (PIB-
MUMB)3 samples. Values of Mn and Mw were determined using
equations Mn = ∑MiIi/∑Ii and Mw = ∑Mi

2Ii/∑MiIi, where Mi and Ii
are the mass and the intensity of the ith oligomer, respectively. dCould
not be determined.

Figure 2. MALDI-TOF MS spectra of (A) (PIB-MUMB)3-2k and (B)
(PIB-MUMB)3-5k. The numbers with arrows indicate the number of
isobutylene units (n).
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agent, 5 mg mL−1) dissolved in THF. The solutions were mixed in a
8:8:1 (v/v) ratio (matrix/analyte/cationization agent). A volume of 1
μL of the solution was deposited onto a metal sample plate and
allowed to air-dry.
Electrospray Quadrupole Time-of-Flight Mass Spectrometry (ESI-

Q-TOF MS). The ESI-Q-TOF MS measurements were performed with
a MicroTOF-Q type Qq-TOF MS instrument (Bruker Daltoniks,
Bremen, Germany) using an ESI source with positive ion mode. The
(PIB-MUMB)3 samples dissolved in THF/methanol mixture of 3:1
(v/v) at a concentration of 1 mg mL−1 were introduced directly into
the ESI source with a syringe pump (Cole-Parmer, Vernon Hills, IL) at
a flow rate of 3 μL min−1. The spray voltage was set to 4 kV. The
temperature of the drying gas (N2) was kept at 180 °C. The mass
spectra were calibrated externally using the exact masses of the clusters
generated from the electrosprayed solution of sodium trifluoroacetate
(NaTFA). The mass spectra recorded were evaluated with the
DataAnalysis 3.4 software from Bruker.
UV−Vis Spectroscopic Analysis. UV−vis absorption spectra of the

samples were acquired in a Hewlett-Packard 8453 UV−vis
spectrophotometer.
Atomic Force Microscopy (AFM) Analysis. AFM study was carried

on the polymer thin film spin-coated from THF solution (20 mg
mL−1) on silicon wafer followed by drying in vacuum at room
temperature for 12 h. It was then photo cross-linked using a 400 W
high-pressure mercury lamp (Uvitron International Inc. PORTA-RAY
400 R) at λmax = 365 nm (UVA irradiation) to obtain ∼100% cross-
linked polymer sample. A rigid Veeco (TESP) Si tip with nominal
spring constant, k ∼ 42 N m−1, and resonant frequency, f 0 ∼ 320 kHz
was used to make a scratch on the surface of the polymer film. We
adjusted the deflection set point in the Nanoscope software so that the
tip was pushed into the film with some positive pressure and scanned
along the x axis only, resulting in scratches with depths ranging from
hundreds of nanometers to microns. The scratched cross-linked
polymer film samples were irradiated with 400 W medium pressure
visible lamp (UVC light, λmax = 254 nm) (Intensity 7.5 mW cm−2) and
high-power UVA light (Intensity 21 mW cm−2) (λmax = 365 nm) from
Uvitron International, Inc. (PORTA-RAY 400 R) or low-power UV
lamp (λmax = 365 nm; Spectroline E-Series Ultraviolet hand lamps,
Intensity 0.3 mW cm−2). For sunlight-induced self-healing, scratched
samples were exposed to sunlight. At time zero, and after various
irradiation times, images of the scratch area were obtained in a Veeco
Nanoscope IIIa Multimode AFM operating in tapping mode at room
temperature. Cross-sectional images and depth profiles were obtained
using the Nanoscope software in section analysis mode.
Oxygen Transmission Rate (OTR) Measurements. Oxygen

permeability analysis was tested with an Illinois Instruments Oxygen
Permeability Analyzer 8001 at 60% relative humidity (RH) and 25 °C.
The area of measurement of the samples was 2.5 cm2. The RH and
temperature were instrumentally controlled. The thickness of the film

was 0.35 mm. The instrumental setup is based on ASTM D3985. The
sample was tested in duplicate.

Water Vapor Transmission Rate (WVTR) Measurements. Water
permeability was tested using a MOCON Permatran-W 3/33, in
accordance with ASTM F1249 at 25 °C and 60% RH, utilizing 5 cm2

specimens. The film thickness was 0.35 mm. The sample was tested in
duplicate.

■ RESULTS AND DISCUSSION
Synthesis of Coumarin Functionalized Triarm Star

PIBs. The synthetic route of coumarin functionalized triarm
star PIB (PIB-MUMB)3 with number-average molecular weight
(Mn) = 2000 g mol−1 [(PIB-MUMB)3-2k], 5000 g mol−1

[(PIB-MUMB)3-5k] and 10000 g mol−1 [(PIB-MUMB)3-
10k] is presented in Scheme 1 (see the Experimental Section
for the detailed synthesis procedure). To ensure their easy
accessibility during intermolecular reactions and facilitate a
rapid self-healing process, we introduced the coumarin
functionality responsible for self-healing into the periphery of
the triarm star polymer. Molecular structures of the polymers
were confirmed by 1H NMR spectroscopy (Figure 1). 1H NMR
spectrum showed the disappearance of peaks at 3.98, 5.68, and
5.79 ppm assigned to the bromomethylene and bromoallylme-
thine protons and new signals at 4.57, 5.68, and 5.89 ppm
assigned to −CHCH2O−, −CHCHCH2O− and −CH
CHCH2O− appeared, indicating quantitative conversion. New
peaks appeared at 2.39 and at 6.82 and 7.48 ppm for
−OCOCH− and for aromatic signals, respectively, suggesting
quantitative conversion. The Mn and molecular weight
distribution (Mw/Mn) of the polymers were determined from
the SEC analysis (Table 1). The SEC-RI traces of (PIB-
MUMB)3 samples are almost identical to that of (PIB-Allyl)3-
Cl suggesting no change in the polymer backbone during post
functionalization reactions (Figure S1, Supporting Informa-
tion).
Quantitative end functionality of (PIB-MUMB)3 was

confirmed by MALDI-TOF MS. The MALDI-TOF MS spectra
of (PIB-MUMB)3-2k (Figure 2A) and (PIB-MUMB)3-5k
(Figure 2B) show a series of peaks spaced by 56 Da, which
corresponds to the mass of an IB unit. Furthermore, as
expected, due to the presence of several oxygen atoms in the
(PIB-MUMB)3 derivatives, (PIB-MUMB)3-s are cationized
mostly with sodium ions, that is, [M + Na]+ adduct ions
were formed under MALDI-TOF MS conditions. In addition,
owing to the ubiquitous presence of potassium ions in the

Scheme 1. Synthesis of Triarm Star Coumarin Functionalizd PIB
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samples, beside the sodiated ones, the potassiated (PIB-
MUMB)3-s also appeared with low intensities in MALDI-
TOF MS spectra. The measured masses are in good agreement
with those calculated based on the corresponding (PIB-
MUMB)3 compositions (Table 1). For example, in Figure 2A
the measured and the calculated masses for the sodiated (PIB-
MUMB)3 oligomer with a number of IB units (n) = 20 are
2033.8 and 2033.7 Da, respectively (the composition is
C137H220O9Na, and the mass is given for the most intensive
isotopic peaks, because isotopic resolution was obtained in this
mass range). Furthermore, in Figure 2B, the measured and
calculated masses for the sodiated (PIB-MUMB)3 oligomer
with n = 60 were found to be 4278.9 and 4278.5 Da,
respectively (the composition corresponds to C297H540O9Na,
and the masses given are the average masses because isotopic
resolution could not be achieved in this mass range). However,
due to the poor ionization efficiency for the (PIB-MUMB)3-
10k, no appreciable MALDI-TOF MS spectrum was obtained.
Interestingly, ESI-TOF MS spectrum was successfully obtained
for (PIB-MUMB)3-2k, albeit with low signal-to-noise ratio. The
ESI-TOF MS spectrum for the (PIB-MUMB)3-2k (Figure S2,
Supporting Information) is similar to that obtained by MALDI-
TOF MS, except that the ESI-TOF MS spectrum is shifted to
lower masses compared to the MALDI-TOF MS spectrum.
This finding is most probably due to the more significant
decrease of the ESI ionization efficiency with the increasing
lengths of the nonpolar PIB chains as compared to that of
MALDI. This is supported by the fact that no ESI-TOF MS
spectrum could be obtained for the (PIB-MUMB)3-5k or
higher. However, we can utilize the much higher mass accuracy
and resolution of ESI-TOF MS measurements in the case of
(PIB-MUMB)3-2k to compare the measured and calculated
masses for the different oligomer peaks. For example, the
measured and calculated masses for the sodiated (PIB-
MUMB)3 oligomer with n = 20 are 2033.665 and 2033.668
Da, respectively (the composition is C137H220O9Na, and the
mass is given for the most intensive isotopic peaks).
Photodimerization/Photocleavage of Coumarin Func-

tionalized Triarm Star PIB. The photodimerization reactions
of (PIB-MUMB)3-2k was carried out using UV light of λmax =
365 nm (UVA) (see the Experimental Section for the detailed
procedure), and the progress of the photodimerization was
monitored by UV−vis spectroscopy. A gradual decrease of
absorbance of coumarin at 320 nm with time during
photodimerization was observed (Figure 3A), indicating
dimerization of coumarin moieties to form a cyclobutane
ring. The change in absorbance at 320 nm (A320) values directly
reflects the degree of cross-linking of polymers. Hence, the
photo cross-linking percentage of the polymer (D) can be
approximately estimated from the A320 value using the following
equation:

= − ×D A A A[{( ) ( ) }/( ) ] 100t320 0 320 320 0 (1)

where, (A320)0 and (A320)t are the absorbance of polymers at
320 nm before and after irradiation for t min, respectively.
Maximum cross-linking of the polymer (∼95%) could be
achieved after UVA irradiation for 8 min (3A, inset), and then it
leveled off. With increase in molecular weight of (PIB-
MUMB)3 (as in case of (PIB-MUMB)3-5k and (PIB-
MUMB)3-10k), the efficiency of photodimerization slightly
decreased to ∼90% in 8 min (Figure S3, Supporting
Information). Thus, we focused our later studies on (PIB-
MUMB)3-2k.

The photocleavage reactions of cross-linked (PIB-MUMB)3-
2k was carried out using UV light of λmax = 254 nm (UVC; see
the Experimental Section for the detailed procedure). A gradual
increase of absorbance of coumarin at 320 nm with time during
photocleavage was observed (Figure 3B), indicating that the
cyclobutane ring in the photodimer of coumarin moiety is
gradually cleaved to regenerate coumarin. However, a leveling
off in the absorbance is observed after irradiation for 30 min for
(PIB-MUMB)3. The photo cleavage percentage (D*) is
determined by the following equation:

* = − ×D D D{(100 )/ )} 100t 0 (2)

where D0 and Dt are the cross-linking percentage when photo
cleavage occurs for 0 and t minutes, respectively. The plot of
D* values versus UV irradiation time (t; Figure 3B, inset)
revealed that the final photo cleavage percentage was 91% after
45 min of photo irradiation. Furthermore, Figure 3 revealed
that only part of the photodimer can be reverted back to the
starting material. This is probably due to the restricted mobility
of the pendant coumarin moieties.40

Photoreversibility of Photo Cross-Linked Coumarin
Functionalized Triarm Star PIB. Figure 3C depicts the
results of the reversibility of the photodimerization/photo-
cleavage cycle of (PIB-MUMB)3-2k utilizing UV−vis spectros-
copy. The cross-linked PIB network was prepared by irradiating
the film with UVA (λmax = 365 nm) for 8 min. Subsequently,
the photoreversibility was studied by irradiating it with UVC
(λmax = 254 nm) for 3 min and UVA for 0.25 min up to 10
cycles while keeping the photocleavage at ∼15% during the
photoreversibility study. The corresponding cross-linking
percentages were calculated using eq 1. The photodimerization
and photocleavage cycle were repeated 10 times with
approximately 89% reversion. The absorbance did not revert
quantitatively due to a well-documented equilibrium between

Figure 3. Successive UV−vis absorption spectra of (PIB-MUMB)3-2k
thin film during (A) photodimerization upon irradiation with UVA
(λmax = 365 nm) for different times and (B) photocleavage upon
irradiation with UVC (λmax = 254 nm) for different times; (inset) plot
of cross-linking percentage (%D) or cleavage percentage (%D*) vs
time of the respective plots. (C) Reversible photodimerization/
photocleavage cycle of (PIB-MUMB)3-2k. After initial irradiation with
UVA (λmax = 365 nm) for 8 min to prepare the cross-linked network,
the film was irradiated with consecutive UVC (λmax = 254 nm) for 3
min and UVA (λmax = 365 nm) for 0.25 min up to 10 cycles.
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the dimer and cleaved coumarin under irradiation with UVC
(λmax = 254 nm).41,42

UV-Induced Self-Healing Behavior of Photo Cross-
Linked Triarm Star PIB. Self-healing behavior of the photo
cross-linked triarm star PIB network films was studied using
atomic force microscopy (AFM) in tapping mode. AFM is an
established analytical tool to induce a mechanical cut on a
surface and to analyze changes of the damage surface.43

Mechanical cuts ranging from nm to μm in depth were made
in the cross-linked polymer films using commercial silicon tips
in contact mode (see Experimental Section for the detailed
procedure). Initially, a cut with a depth of 74 nm was made in
the cross-linked thin film of the (PIB-MUMB)3-2k, as analyzed
by the tapping mode AFM image (Figure 4A). The damaged

surface was exposed to consecutive UVC (λmax = 254 nm; 400
W medium-pressure mercury lamp, Uvitron International, Inc.,
PORTA-RAY 400 R, Intensity 7.5 mw cm−2) and UVA (λmax =
365 nm; 400 W high-pressure mercury lamp, Uvitron
International, Inc., PORTA-RAY 400 R, Intensity 21 mw
cm−2) irradiation for 5 min. AFM image of the surface after 5
min of exposure to UVC and UVA irradiation revealed that the
cut healed up to ∼86% as the depth of the cut decreased to 10
nm (Figure 4B). With further exposure to UVC and UVA
irradiation for 25 min, the depth of the cut decreased to 5 nm
(Figure 4C). A deep cut of 918 nm depth was made in the
cross-linked thin film of (PIB-MUMB)3-2k (Figure 5A) and its
self-healing behavior was studied using simultaneous exposure
to UVC (λmax = 254 nm) and UVA (λmax = 365 nm) irradiation
for 30 min. Tapping mode AFM image of the surface after
healing for 30 min revealed 95% healing as the depth of the cut
decreased to 41 nm (Figure 5B). Self-healing could be
observed, even when a low-intensity UV lamp (intensity, 0.3
mw cm−2) was employed, although the rate was slower (∼80%
healing in 40 min; Figure S4, Supporting Information).
Sunlight-Induced Self-Healing Behavior of Photo

Cross-Linked Triarm Star PIB. The successful study of self-
healing of (PIB-MUMB)3-2k using lower intensity UV lamp
prompted us to explore the possibility of healing of the
damaged surface under direct sunlight. A 260 nm deep cut was
prepared on the cross-linked thin film of (PIB-MUMB)3-2k
(Figure 6A). The damaged surface was exposed to sunlight, and
AFM images were recorded at different time intervals. The

depth of the cut decreased to 112 and 80 nm (70% healing)
after exposure to sun irradiation for 6 and 12 h, respectively
(Figure 6B and Figure 6C).
The rate of healing under sunlight was also studied with

(PIB-UMB)3. (PIB-UMB)3-2k was synthesized with quantita-
tive end-functionality as described in the Experimental Section
(Figures S5 and S6, Supporting Information). Results of the
reversibility study of the photodimerization/photocleavage
cycle of (PIB-UMB)3-2k (Figure S7, Supporting Information)
was found to be close to that of (PIB-UMB)3-2k (Figure 3C).
The rate of healing on cross-linked thin film of the polymer was
studied by introducing a cut with a depth of 79 nm (Figure
S8A, Supporting Information). Subsequently, the damaged
surface was exposed to sunlight, and AFM images were
recorded after 6 and 12 h. The cut depth reduced to 36 nm in 6
h and to 24 nm in 12 h (Figure S8B,C, Supporting
Information). The healing efficiency for (PIB-UMB)3 was

Figure 4. Time-dependent change of height mode AFM image for the
cut on the surface of the cross-linked (PIB-MUMB)3-2k film using a
high-powered UV lamp, time = (A) 0, (B) 5, and (C) 30 min. (Aa−
Cc) Corresponding depth profiles reveal the evolution of the damage
depth.

Figure 5. Time-dependent change of height mode AFM image for the
cut on the surface of the cross-linked (PIB-MUMB)3-2k film using
high power UV lamp: time = (A) 0 and (B) 30 min. (Aa and Bb)
Corresponding depth profiles reveal the evolution of the damage
depth.

Figure 6. Time-dependent change of height mode AFM image for the
cut on the surface of the cross-linked (PIB-MUMB)3-2k film using
sunlight: time = (A) 0, (B) 6, and (C) 12 h. (Aa−Cc) Corresponding
depth profiles reveal the evolution of the damage depth.
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calculated to be 70% after 12 h of exposure to sunlight, which is
similar to that observed in case of (PIB-MUMB)3-2k (Figure
6).
Mechanism of Photoinduced Self-Healing of Cross-

Linked PIB Network. The role of UVC/UVA-induced
reversible cross-linking in the self-healing behavior was
examined by comparing the damage induced to a control
sample containing permanent cross-linked bonds. A cut of
depth 200 nm was introduced in a control sample, as analyzed
by tapping mode AFM image (Figure S9A, Supporting
Information). It was then protected from light and AFM
images were taken after 24 and 48 h. Tapping mode AFM
images of the surface after 24 and 48 h (Figure S9B,C,
Supporting Information) reveal that there is some reduction of
the cut depth: 170 nm (after 24 h) and 150 nm (after 48 h).
But, any significant healing was absent in the control sample in
the absence of UVC/UVA radiation. The observed slight
decrease of the cut depth occurred solely due to the viscoelastic
restoration, as observed by earlier researchers.44

Detailed analysis of the healing behavior shows that the
healing response could be driven by first breaking of the
cyclobutane ring via photocleavage induced by UVC allowing
the polymer to flow and come closer. The glass transition
temperature of PIB is ∼ −70 °C.45,46 Thus, PIB have sufficient
mobility to flow at the temperature of the self-healing study
(room temperature) allowing the coumarin functionalities to
come closer. At this stage reformation of the cyclobutane ring
via UVA induced photodimerization allows formation of the
cross-linked network which eventually heal the damage
(Scheme 2). The piles of agglomerated polymeric material
around the edges of the scratch served as the storage of the
material that released it back to the cuts and facilitated the
healing process. Generally, macroscopic fusion of a cross-linked
polymer in the bulk state is hindered due to the limited chain
mobility.47 Thus, it is not possible for the cut surfaces to come
in full contact with each other.

Permeability Analysis of the Photo Cross-Linked
Triarm Star PIB Film. Figure 7 presents duplicate result of

Scheme 2. Reversible Cross-Linked Network Formation via Photodimerization/Photocleavage of Coumarin Functionalized Tri-
Arm Star PIB and a Possible Mechanism for Self-Healing Process

Figure 7. (A) Oxygen transmission rate (OTR) and (B) water vapor transmission rate (WVTR) obtained for the cross-linked (PIB-MUMB)3-2k
film (0.35 mm thick) performed at 25 °C and RH 60%.
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oxygen permeation rate (OTR) analysis and water vapor
transmission rate (WVTR) analysis, respectively, of the cross-
linked thin film (film thickness = 0.35 mm) of (PIB-MUMB)3-
2k. Permeability studies revealed OTR value of 5.5 × 10−13 mol
m−2 s−1 Pa−1 or oxygen permeability of 1.9 × 10−16 mol m m−2

s−1 Pa−1 and WVTR value of 1.3 × 10−11 mol m−2 s−1 Pa−1 or
moisture permeability of 46 × 10−16 mol m m−2 s−1 Pa−1. The
low permeability of oxygen and water vapor of the cross-linked
network might be attributed to the presence of bulky methyl
groups in its IB component.48 Importantly, PIB-based self-
healing sealant possess much lower moisture permeability
compared to previously reported sealants such as Emmerson-
Cummins semiflexible sealant [(100−200) × 10−16 mol m m−2

s−1 Pa−1]; highly flexible sealant [(212−499) × 10−16 mol m
m−2 s−1 Pa−1]; DELO flexible sealant [(1267−4753) × 10−16

mol m m−2 s−1 Pa−1]; and silyl terminated polyacrylate polymer
(634 × 10−16 mol m m−2 s−1 Pa−1).49

■ CONCLUSIONS

Coumarin functionalized PIB triarm star polymers with
quantitative functionality could be prepared by a simple
nucleophilic substitution of bromoallyl-trifunctional PIB with
4-methylumbelliferone or umbelliferone in the presence of
NaH. The coumarin functionalized PIB triarm star polymers
undergo rapid and efficient cross-linking upon irradiation with
UV light at λmax = 365 nm. Photocleavage can be affected by
irradiation with UV light at λmax = 254 nm, and the
photodimerization/photocleavage cycle can be repeated multi-
ple times without the deterioration of the healing ability.
Healing of damage takes place even under sunlight, albeit more
slowly. The cross-linked PIB films exhibit excellent barrier
property against oxygen and moisture, which makes them
potentially useful as coating for photovoltaic devices.
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