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1. Materials

Methyl methacrylate (MMA, 99%) and 2-Hydroxyethyl methacrylate (HEMA, 97 %) were 

purchased from Aldrich and further purified by passing through a basic alumina column to make 

it inhibitor-free. 9-Anthracene methanol (9-AM), Phenyl-1,2,4-triazoline-3,5-dione (PhTAD), 4-

cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTSPA), 4,4-azobis(4-

cyanovaleric acid) (ABCVA), 4,4′-Methylenebis(phenyl isocyanate), 4-(Dimethylamino)pyridine 

(DMAP) and 1,4-Diazabicyclo[2.2.2]octane (DABCO) were obtained from Aldrich and used as 

received. Bromine (>99 %) was purchased from S. D. Fine Chemical Ltd. Ethyl carbazate was 

purchased from Alfa Aesar and used as received. N, N′-Dicyclohexylcarbodiimide (DCC) was 

purchased from Spectrochem and used as received. 9-Anthracenecarboxylic acid (ACA) was 

obtained from Alfa-Aesar and used as received. DMF (> 99 %), THF (> 99 %) and n-Hexane (> 

99 %) were purchased from Merck and used as received.

2. Characterization techniques

2.1 Gel permeation chromatography (GPC)

Gel permeation chromatography (GPC) measurement was performed at ambient temperature on 

Viscotek GPC instrument (model VE 3580), equipped with refractive index indicator. 

Tetrahydrofuran (THF) was used as an eluent with a flow rate of 1 ml/min. The system was 

calibrated using linear poly(methyl methacrylate) (PMMA) of narrow polydispersity index as an 

internal standard.

2.2 1H NMR and FT-IR spectroscopy

1H NMR spectra were recorded in Bruker 600 MHz spectrometer at room temperature using 

DMSO-d6 solvent. Fourier Transform Infrared spectroscopy (FT-IR) was recorded using Perkin-
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Elmer, Inc. version 5.0.1, in attenuated total reflection (ATR) mode. All the IR spectra were 

recorded within the range of 4000 – 400 cm-1.

2.3 Differential Scanning Calorimetry (DSC)

Differential Scanning Calorimetry (DSC) analysis of the polymer samples was carried out using 

DSC 200 F3 instrument (Netzsch, Germany). All the polymer samples (~6 mg) were heated from 

-25 0C to +180 0C at a heating rate of 10 OC / min under N2 atmosphere. Nitrogen was used as an 

inert atmosphere with a flow rate of 50 mL min-1. The temperature against heat flow was 

recorded. The enthalpy was calibrated by indium standard supplied by Netzsch.

2.4 Nanoindentation analysis (NINT)

The hardness value of the polymeric materials was determined by depth sensing indentation 

(DSI) using a TribroIndenter TI 950 (Hysitron Inc., Minneapolis, MN, USA) equipped with a 

diamond indenter tip of 150 nm radius. The polymer films were prepared via drop casting 

method (50 mg.mL-1) and dried under air. The measurements were conducted at ambient 

temperature, and all measurements were done in a single automated run. All measurements were 

carried out at a fixed load of 50 µN. The data of an average of at least ten measurements were 

reported in each case.

2.5 Optical Microscopy

The self-healing characteristics of the polymers were studied by optical microscopy analysis. 

Polymer films were prepared on glass surface via drop casting method (50 mg.mL-1). A notch 

was made on the surface of the polymer using a fine needle, and the healing of the cut surface 

was monitored at a different time interval.

2.6 Scanning Electron Microscopy (SEM) analysis
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For further verification, the healing study of the resultant polymer (50 mg.mL-1) was also studied 

via ZEISS EVO 60 scanning electron microscope (SEM). The polymer samples were prepared 

by drop-casting the solution onto a glass slide.

2.7 3D Optical Microscope analysis

The healing efficiency of DA polymer (50 mg.mL-1) was investigated using optical surface 

profilometer (OSP) by Contour GT 3D Optical Microscope, Bruker in vertical scan 

interferometry (VSI) mode. The polymer samples were prepared by drop-casting the solution 

onto a glass slide.

Healing efficiency (HE) (%) = [{(dhealed - ddamaged)/ (dundamaged - ddamaged)} × 100]

Here, dundamaged, ddamaged, and dhealed indicate the surface profile depth before scratch, after

scratch, and for final healable surface.

dundamaged = 0.0 µm (undamaged smooth polymer surface, before scratch)

ddamaged  = 14 µm (notch depth after scratch)

dhealed = 3 µm (notch depth after heal)

HE (%) = [{(3-14) / (0-14)} X 100] = ~80 %

2.8 UV-Vis Spectroscopy

UV-Vis spectroscopy analysis of the organic compounds (20 mg.mL-1) and polymer samples (50 

mg.mL-1) were carried out in Perkin-Elmer UV/Vis Spectroscopy Lambda 35, using DMF or 

THF as solvent.

3. Computational Details

All of the structures optimization included in this study followed by frequency calculations were 

performed using a long-range dispersion corrected functional based on the meta-GGA 
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approximation M06-2X1,2 with the 6-311+G(d, p)3,4 basis set in presence of a solvent. The 

transition state search and subsequent intrinsic reaction coordination (IRC) calculations were 

carried out to authenticate that the located transition states (TSs) corresponds to the correct 

stationary points. Solvent effects were modelled by adopting a polarizable continuum model 

(PCM).5-7 The GAUSSIAN 09 software package8 was used for all the calculations. The 

thermochemical and kinetic parameters like Gibbs free energy changes (ΔG), kinetic free energy 

barriers (ΔG‡) were computed and the corresponding rate constants were obtained to study the 

reaction mechanism using the most widely used global hybrid meta-GGA functional M06-2X 

with 54% HF exchange as the candidate of Minnesota functional family. It is one of the well-

balanced functionals for overall good performance across the broad areas of chemistry including 

thermochemistry and reaction kinetics, but excluding the multi-reference systems such as those 

containing transition metals. There are a series of studies where this functional performs better 

over other popular DFT functionals for applications involving main group thermochemistry, 

organometallic chemistry, noncovalent interactions, kinetics, and electronic excitation energies.9-

16

4. Experimental Section

4.1 Preparation of PHEMA-co-PMMA (P1) via RAFT polymerization:

The copolymerization of HEMA and MMA monomers were carried out using CDTSPA as a 

chain transfer agent (CTA) and ABCVA as a thermal initiator. In this copolymerization reaction, 

MMA (1 g, 9.9 X 10-3 mol), HEMA (3.89 g, 2.9 X 10-2 mol), CDTSPA (0.16 g, 3.99 X 10-4 mol) 

and ABCVA (0.028 g, 9.9 X 10-5 mol) were dissolved in DMF (4 ml) taken in a Schlenk tube. 

The system was sealed by a silicon septum and made free of oxygen by purging nitrogen 
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throughout the mixture for 15-20 mins with continuous stirring. The tube was then placed in an 

oil bath preset at 80 OC and allowed to continue the reaction for 16 h. After the reaction was 

terminated, the tube was immediately placed in an ice bath and exposed to air. Later the polymer 

was dissolved in a little volume of DMF followed by precipitating several times in cold diethyl 

ether. The material was then dried in vacuum for several characterizations. (Mn, NMR = 9300 g 

mol-1, Mn, Theo. = 9000 g mol-1).

4.2 Functionalization of the P1 copolymer with anthracyl groups:

The typical modification of the pendant hydroxyl groups of the P1 copolymer was carried out 

using ACA via DCC and DMAP coupling reaction. In a 100 ml round bottomed flask the 

reaction mixture containing (0.83 g, 4.0 X 10-3 mol) DCC, (0.049 g, 4.0 X 10-4 mol) DMAP and 

(0.89 g, 4.0 X 10-3 mol) ACA in 1.5 ml DMF was allowed to rotate at 0 0C for ~15 mins. 

Meanwhile, the copolymer (0.5 g, 5.4 X 10-5 mol) was dissolved in 0.5 ml of DMF and added 

dropwise to the above mixture at the mentioned temperature. The reaction was further allowed to 

continue for an hour at 0 0C followed by gentle warming to the room temperature, and then the 

reaction was further carried out for 24 h. the final product of the reaction mixture was filtered 

and precipitated in excess cold diethyl ether followed by repeated washing to obtain the fine 

canary yellow colour anthracyl modified copolymer. The resultant copolymer was dried in 

vacuum oven for further analyses such as FT-IR, 1H NMR, GPC and DSC analyses.

4.3 Preparation of bifunctional TAD derivative:

The preparation of bifunctional TAD derivative has been prepared following the procedures 

mentioned in literatures.17,18

4.4 Preparation of thermoreversible P1-Anthracene-bisTAD crosslinked DA network:
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The ultrafast synthesis of the crosslinked network via conventional Diels-Alder reaction was 

carried out at room temperature within few seconds. The details of the reaction procedure are as 

follows. The copolymer (0.1 g, 6.5 X 10-6 mol) and bifunctional TAD derivative (0.002 g, 6.5 X 

10-6 mol) were taken at an equimolar ratio and dissolved separately in THF. The TAD solution 

was added to the polymer solution which resulted in an ultrafast crosslinked gel. However, for 

completion, the reaction was further continued for 2 mins at room temperature (as evidenced by 

the gradual disappearance of the red colour of the azo derivative). The resultant network was 

dried in vacuum oven for further detailed analyses.

4.5 DA Reaction of 9-Anthracene methanol (9-AM) and PhTAD

As an analogous to polymer-bisTAD reaction system, 9-AM (0.050 g, 2.25 X 10 -4 mol, 0.4 mL 

DMF) and PhTAD (0.035 g, 2.04 X 10-4 mol, 0.4 mL DMF) were taken separately at 1: 0.90 

molar ratio in DMF solvent. The former solution was added to later under ambient conditions. 

As soon as the 9-AM solution was added to the TAD solution, the red colour of the later one 

gradually disappears. It took almost 3 min for completion of the overall reaction as observed 

from the complete discolouration of the azo derivative. The final product was kept for further 

analyzing.

4.6 DA reaction of Anthracyl modified copolymer and PhTAD

The P1 copolymer (0.05 g, 3.26 X 10-6 mol) and PhTAD (0.003 g, 1.63 X 10-5 mol) were taken 

separately at 1:5 molar ratio and dissolved in THF. Later on, the TAD solution was added to the 

polymer solution at room temperature. The reaction was allowed to continue until the 

disappearance of the red colour of the azo derivative. The final reaction mixture was kept for 

further spectroscopic analyses.
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Table S1:Summary of copolymers of HEMA and MMA at different feed ratios prepared via 

RAFT polymerization using CDTSPA as RAFT agent and ABCVA as thermal initiator.

Sample 
Code

Monomer 
Feed Ratio 

HEMA 
(M1): 

MMA(M2)a

Total 
Monomer 

Conversion 
(%)

Mn, Theo Mn, NMR
b Copolymer composition 

HEMA (m1) : MMA 
(m2)  (mol %)c

P1 75:25 75 9000 9800 77:23

P2 50:50 55 6000 4600 51:49

P3 25:75 40 3000 3500 29:71

a The molar ratio of HEMA and MMA monomers used is [monomer]:[RAFT]:[initiator] = 

100:1:0.25.

b Mn, NMR has been calculated from determining the ratio of integrated peak areas of -OCH2 

protons of PHEMA unit and -OCH3 protons of PMMA unit to –SCH2 protons of RAFT end 

group.

c Copolymer composition was determined from 1H NMR analysis.
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Table S2: Summary of anthracene modified copolymers

Sample Code Mn, GPC(g mol-1)a Mn, NMR (g mol-1)b PDIa

P1-Anthracene 
copoylmer

15300 13300 1.6

P2- Anthracene 
copoylmer

11500 9000 1.5

P3- Anthracene 
copoylmer

7000 6900 1.2

a Mn, GPC has been calculated using THF as an eluent.

b Mn, NMR has been calculated from determining the ratio of integrated peak areas of -OCH2 

protons of PHEMA unit and -OCH3 protons of PMMA unit to –SCH2 protons of RAFT end 

group.
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Fig S1: Kinetic analysis of P1 copolymer prepared via RAFT polymerization using CDTSPA as 

RAFT agent and ABCVA as thermal initiator.
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Fig S2: GPC elution curves of anthracyl modified copolymers using THF as an eluent, (a) P1-

Anthracene copolymer, (b) P2-Anthracene copolymer and (c) P3-Anthracene copolymer.
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Fig S3:1H NMR analysis of P1 copolymer in DMSO-d6 solvent
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Fig S4:1H NMR analysis of P1-Anthracene copolymer in DMSO-d6 solvent.
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FigureS5: (A) P1-Anthracene copolymer; (B) P1-Anthracene-bisTAD network and (C) bisTAD.
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Figure S6: Fluorescence microscopy images of (a) P2-Anthracene copolymer film, (b) P2-

Anthracene-bisTAD crosslinked copolymer film, (c) P3-Anthracene copolymer film and (d) P3-

Anthracene-bisTAD crosslinked copolymer film.
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Figure S7: (a) 9-AM emitting bright fluorescence and (b) Quenched fluorescence of 9-AM-

PhTAD DA adduct (9-AM: PhTAD = 1: 0.9 molar ratio) in DMF solvent.
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Figure S8: UV analysis of P1-Anthracene-PhTAD copolymer before and after the reaction 

completion.
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Figure S9: UV analysis of P2-Anthracene-PhTAD copolymer before and after the reaction 

completion.
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Figure S10: UV analysis of P3-Anthracene-PhTAD copolymer before and after the reaction 

completion.
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Scheme S1: DA-reaction mechanism of Anthracene-derivatives and N-Methyl-TAD (MeTAD)
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Table-S3: Various competitive Diels-Alder reactions studied in gas phase along with their free 

energy barriers (G‡) and product stabilization free energies (G)) given in kcal/mol

No. -R -R’ Free energy 

barrier (G‡) 

(kcal/mol)

Product 

stability (G)  

(kcal/mol)

Rate constant 

(s-1)

1 -COOMe -H 20.7 -15.9 0.0035

2 -Me -H 14.2 -20.5 218

3 -COOMe -COOMe 21.9 -16.7 0.0005

4 -Me -Me 13.1 -21.7 1408

5 -COOMe -Me 15.9 -21.5 12.22
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Figure S11: Glass transition temperature of P1-anthracene (a) and (b) P1-anthracene-bisTAD 

polymer.
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Fig S12: TGA analysis of P1-Anthracyl copolymer and its TAD modified DA crosslinked form.
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Figure S13: Solubility study of Anthracene modified copolymer-bisTAD adduct (a) at room 

temperature and (b) after heating at ~130 0C for ~1 h.



26

Figure S14: Thermoreversibility analysis of 9-AM-PhTAD DA bonds via UV-Vis spectroscopy.
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Figure S15: Optical microscopy images of (A) notched P1-Anthracene-bisTAD; (B) healed P1-

Anthracene-bisTAD polymer surface after 3 h and (C) healed P1-Anthracene-bisTAD polymer 

surface after 5h heating at a retro-DA temperature.
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Figure S16: Optical microscopy images of (a) notched P2-Anthracene-bisTAD film; (b) after 

heating at ~130 0C for ~5 h followed by cooling to room temperature, (c) notched P3-

Anthracene-bisTAD and (d) after heating at ~130 0C for ~5 h followed by cooling to room 

temperature.
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Figure S17: NINT analysis of (a) P1-Anthracene copolymer, (b) P1-Anthracene copolymer-

bisTAD before healing and (c) P1-Anthracene copolymer-bisTAD after healing.
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Table S4: Nanoindentation analysis of P2-Anthracene-bisTAD and P3-Anthracene-bisTAD 

crosslinked polymer samples before and after healing

Polymer Samples Contact Depth (nm) Hardness (GPa)

P2-Anthracene-bisTAD before healing 36.08 0.62

P2-Anthracene-bisTAD after healing 38.62 0.55

P3-Anthracene-bisTAD before healing 23.34 1.17

P3-Anthracene-bisTAD after healing 22.65 1.22



31

Figure S18: NINT analysis of (a) P2-Anthracene copolymer-bisTAD before healing and (b) P2-

Anthracene copolymer-bisTAD after healing.
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Figure S19: NINT analysis of(a) P3-Anthracene copolymer-bisTAD before healing and (b) P3-

Anthracene copolymer-bisTAD after healing.
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