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1. Characterization

An Agilent 1100 series instrument was used to perform gel permeation chromatography (GPC) analysis in THF solvent to 
determine the molecular weight of the surface-grafted polymer and free polymer. FT-IR Bruker Vector 22 spectrophotometer 
(Germany) at room temperature was employed for identification of the functional groups of all synthesized compounds in the 
range of 450-4000 cm-1, using KBr pellets. The structure of all synthesized organic compounds and polymer was further confirmed 
by nuclear magnetic resonance (NMR) BRUKER 400MHz instrument (Germany) in CDCl3 and d6-DMSO solvents. Melting points 
were measured by the Thermo scientific 9200 (England). Thermogravimetric analysis (TGA) was carried out in an N2 atmosphere 
with a heating rate of 10 °C/min (from RT to 600 °C) by NETZSCH STA 409 PC/PG (Germany) to evaluate the thermal stability of 
the synthesized compounds. The content of amine, bromine, and the grafted polymer on the surface of TiO2 was also measured 
through TGA. The surface area of the nanoparticles was estimated at 77 K using a Belsorp-max, BEL, Inc instrument, according to 
the Brunauer–Emmett–Teller theory (BET) (Japan). The morphology and size of the pure and surface-modified TiO2 were 
determined using atomic force microscopy (AFM, Ara-Research CO). UV-Vis analysis using the Pharmacia Ultrospec Biotech 4000 
under license Biochrom Ltd. Cambridge (England) was used to study the photochromic characteristics of the produced 
substances. The copolymers in solid-state were mixed with barium sulfate (1:25) and their photochromic properties were 
identified by UV-Vis-NIR spectrophotometer (CARY 5E, Varian America). The percentage of elements in the combination of pure 
TiO2 nanoparticles and TiO2-g-P(SPEA-co-GMA) was determined by Energy dispersive X-ray (EDS) mapping analysis (MIRA II, SAMX 
detector, Czechia). It should be noted that the samples were exposed to ultraviolet and visible light at each step. 

2. Purification 

2.1. Toluene 1

First, toluene was slowly distilled at 110° C. Then, the sodium wire was put to the distilled solvent for complete drying, carefully. 
To validate the drying of toluene, a benzophenone detector was added to the solvent, and the solution was distilled under argon 
atmosphere for several days (typically 3 days), and the process was repeated until the solution turned blue. This discoloration 
indicated that the toluene had dried completely.

2.2. Ethanol 1

Powdered and dry magnesium (5 g) with iodine (0.5 g) entered into a 2L flask and absolute ethanol (about 50-75 mL) was slowly 
added to the flask and with increasing temperature, all the magnesium converted to magnesium ethoxide. More than 1 L of the 
absolute ethanol was added to the flask and refluxed overnight under argon atmosphere. When magnesium hydroxide 
precipitates, the ethanol is completely dry.
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2.3. Dichloromethane 1

CaCl2 was added to dichloromethane and distilled under argon atmosphere. The distilled dichloromethane was then added to a 
container containing CaH2 and returned under distillation under argon atmosphere.

2.4. Copper bromide 2, 3

Copper bromide (CuBr) was purified by rinsed frequently with acetic acid until the color of the supernatant solution was very 
light, then allowed to stir for overnight in a closed container at room temperature. Followed by removing the acetic acid, absolute 
ethanol was added to it and rinsed. After separation, CuBr drying in a vacuum at 60 ° C overnight.

3. Synthesis of monomer 4
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Scheme S1. Synthesis method for preparation of SPEA

3.1. Synthesis of 1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-ium bromide (Bromide salt).

2,3,3-Trimethyl indoline (3 mL, 18.69 mmol) and dry toluene (30 mL) were mixed in round-bottom flask (Scheme S1). 2-
Bromoethanol (1.61 mL, 22.80 mmol) was added to the reaction mixture and refluxed for 24 h. After the reaction was completed, 
the mixture was placed at room temperature and precipitate was washed with cold toluene to obtain bromide salt as light pink 
solid salt (3.9 g, 75%).
Bromide salt: (284.192 g.mol-1, melting point: 197 °C)
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Scheme S2. Synthesis mechanism of 1- (2-hydroxyethyl) -2,3,3-trimethyl-3H-indol-1-ium bromide (Bromide salt)
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3.1.1. 1H NMR and 13C NMR of Bromide salt
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Figure S1. 1H NMR (A) and 13C NMR (B) spectra of Bromide salt in d6-DMSO.
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3.1.2. FT-IR spectrum of Bromide salt

IR (cm-1): 3467 (OH), 3050 (CH2 (SP
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3

stretch)), 1658 (CN+), 1600 (C=C), 1461 (CH2 (SP
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bend)), 1378 (CH2 (SP
3

bend)), 777 
(CH out of -plane bend) (Figure S3).
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Figure S2. FT-IR spectrum of Bromide salt

3.2. Synthesis of 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl) ethanol (SP).

Bromide salt (3.8 g, 13.37 mmol) was dissolved in 40 mL of dry ethanol. In one part, piperidine (1.45 mL, 14.67 mmol) and 
benzaldehyde (3.41 g, 20.4 mmol) were added (Scheme S1). The reaction mixture was refluxed for 6 h. After 6 hours, the purple 
solution was allowed to reach room temperature and stirred for one additional hour. The product was isolated at 0 ° C, washed 
with cold ethanol to obtain spiropyran (SP) as violet powder (2.5 g, 84%).
Spiropyran: (352.38 g.mol-1, melting point: 168 °C)
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3.2.1. 1H NMR and 13C NMR of SP
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Figure S3. 1H NMR (A) and 13C NMR (B) spectra of SP in CDCl3

3.2.2. FT-IR spectrum of SP

IR (cm-1): 3380 (OH), 3066 (CH2 (SP
2 

stretch)), 2962(CH2 (SP
3

stretch)), 1606 and 1479 (C=C), 1509 and 1334 (NO2), 1087 (C-O), 950 (CH out 

of -plane bend) (Figure S4).
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Figure S4. FT-IR spectrum of SP

3.2.3. UV-Vis spectrum of SP

Spiropyran solution with concentration of 2.83×10-5 M was prepared in THF, acetonitrile, and ethanol solvents to study the 
photochromic characteristics of the synthesized compound, and UV-Vis spectra were recorded under irradiation of ultraviolet 
and visible irradiations. Two planar rings are joined by a common sp3 hybridized carbon atom in spiropyran type molecules, 
preventing significant delocalization. As a result, the lowest electronic transition in spiro isomer typically occurs in the near-
ultraviolet region.5 Under UV (λ=365nm) irradiation, the ring opening reaction happens with the cleavage of the C-O spiro bond 
during the first-order kinetic process, and the two rings combine to create a planar π-conjugation system. As a result, a single 
delocalized transition has been moved to the visible region. The MC→SP reverse isomerization generally happens according to 
first-order kinetics, and can be accelerated by visible light. The optical spectra of the spiropyran closed-ring isomer shows two 
transitions: The π–π* electronic transition in the indoline portion of the molecule is ascribed to the ~ 272–296 nm band, whereas 
the chromene moiety is attributed to the ~ 323–351 nm band.6 Solvatochromism is the term used to describe the reversible 
changes in a chemical compound's UV-Vis absorption spectra (position, intensity, and shape) caused by solute–solvent 
interactions, especially the polarity of solvents. Environment factors such as hydrogen bonding and polarity of the environment 
can affect the stability of the merocyanine (MC) isomer. The protic solvent stables the merocyanine isomer, which is due to the 
strong hydrogen bonding and polarity (Figure S5). In aprotic solvents, there are no suitable interactions between the solvent and 
MC for hydrogen bonding, and polarity is the controlling factor for solvatochromic behavior of the spiropyran. 7 The MC form is 
color dependent because to the polarity difference between the photo exited MC and the zwitterionic ground state. For the 
excited state of the MC form is less polar than the zwitterionic ground state. The ground state of the MC form is stabilized relative 
to the excited state of the MC form in polar solvents, and leads to more energy gaps than non-polar states. The energy gap 
between the ground and excited states of MC is reduced by non-polar media that preferentially stabilize the quinoidal form, 
resulting in a bathochromic shift of the MC band (Figure S6).6 According to the UV-Vis spectra of Spiropyran after irradiation with 
UV at 365 nm, in ethanol as protic solvent at 538 nm, in acetonitrile as aprotic polar solvent at 563 nm, and in tetrahydrofuran 
as semi-polar solvent at 578 nm absorbance of MC has appeared.
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Figure S5. Illustration of the solvatochromic shift of the SP before and after UV irradiation.
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Figure S6. UV-Vis spectra of SP in ethanol, acetonitrile, and THF before and after UV irradiation with 2.83×10-5 M concentration.

3.3. Synthesis of 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl) ethyl acrylate (SPEA). 

Spiropyran (2.5 g, 7.09 mmol) was dissolved in dry dichloromethane (23 mL) and the round-bottom flask was isolated with 
aluminum foil. Then the reaction mixture was cooled to 0 °C and triethylamine (1.25 mL, 10.71 mmol) was added to the solution 
(Scheme S1). After mixing, acryloyl chloride (0.71 mL, 8.78 mmol) was added dropwise and stirred for one hour at 0 °C. The 
reaction mixture was stirred at room temperature for 12 hours without stirring. The final product was dissolved in 
dichloromethane and washed with 0.1 M HCl solution, saturated NaHCO3 solution, and brine. Spiropyran ethylacrylate (SPEA) 
was isolated as a red sticky substance (0.9 g, 34%).
SPEA: (406.44 g.mol-1, melting point: 98°C)
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Scheme S4. Synthesis mechanism of 2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl) ethyl acrylate (SPEA).
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3.3.1. 1H NMR and 13C NMR of SPEA
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Figure S7. 1H NMR (A) and 13C NMR and DEPT 135 (B) spectra of SPEA in d6-DMSO.
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3.3.2. FT-IR spectrum of SPEA

Evidence of monomer synthesis is the removal of the hydroxyl group adsorption band at 3382 cm-1, and the appearance of a new 
absorption band at 1725 cm-1 corresponding to the ester group (Figure S8). 
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3.3.3. UV-Vis spectra of SPEA

The hydroxyl group of SP compound, which has a lot of polarity, can create hydrogen bonding and induce negative 
photochromism and solvatochromism. In SPEA, the non-polar acrylate group instead of the hydroxyl group, resulting in decreased 
in hydrogen bonding formation by the spiropyrane molecule and solvent, lowering negative solvatochromism (Figure S9).
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Figure S9.  UV-Vis spectra of SPEA in ethanol, acetonitrile and THF before and after UV irradiation with 2.46×10-5 M concentration.

4. Surface modification of TiO2 
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Scheme S5. Surface modification of TiO2 with APTES and BiBB

4.1. ATRP initiator immobilization on titania surface

Titania nanoparticles (2 g) was refluxed with APTES (6.25 mL, 26.7 mmol) in dry toluene (35 mL) for 24 h and after completion of 
the reaction, the product was washed with distilled toluene.8 Under argon atmosphere, THF (19 mL) was added to the modified 
substrate and homogenized using sonicate bath. The mixture was placed in an ice bath and TEA (1.57 mL, 11.32 mmol) was added 
and stirred under argon atmosphere for 30 min. BiBB (1.42 mL, 11.49 mmol) was added dropwise to the cold mixture for 30 min, 
then the reaction was stirred overnight. The resulting precipitate was washed several times with THF and absolute ethanol.9 
(Scheme S5)

4.1.1. FT-IR of TiO2 P25 nanoparticle

Adsorbed water (intermolecular interactions of water hydroxyl groups with TiO2 surface) and bending vibrations of hydroxyl 
groups are related to the wide absorption bands at 3426 and 1629 cm-1, respectively. Ti-O-Ti and Ti-O stretching vibrations are 
the main absorption bands at 400-700 cm-1 (Figure S10).10, 11
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Figure S10. FT-IR spectrum of TiO2 P25 nanoparticle

4.1.2. TGA and DTG analysis of TiO2 P25

Weight loss before 120 °C is related to the removal of the adsorbed water. Subsequent weight loss between 120-250 °C is related 
to the dehydroxylation of adsorbed waters and TiO2 hydroxyl groups (Figure S11).11
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Figure S11. TGA and DTG analysis of TiO2 P25 in N2 atmosphere with a heating rate of 10°C/min.
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4.1.3. BET of TiO2 P25 nanoparticle
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Figure S12. N2 adsorption-desorption analysis of TiO2 P25 nanoparticles.

4.1.4. AFM image of TiO2 P25 nanoparticle

To examine the morphology of the TiO2 P25 surface, atomic force microscopy (AFM) analysis images were employed. As shown 
in Figure S13, a considerable aggregation of nanoparticles can be seen.

Figure S13. Atomic force microscopy images of TiO2 P25 (A) two-dimensional (B) three-dimensional.

4.1.5. FT-IR spectrum of TiO2-NH2

IR (cm-1): 3423 (O-H, N-H stretch), 2913 ([-(CH2)n-] APTES), 1627 (NH2 bending), 1457 (C-H bending), 1128 (C-N), 1035 (Si-O-Si) (Figure S14). 
12, 13
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Figure S14. FT-IR spectrum of TiO2-NH2

4.1.6. TGA and DTG analysis of TiO2 -NH2

The first weight loss (2.11%) in the temperature range of 25-250 °C is corresponds to the release of water and other solvents 
(Figure S15). The second weight loss (1.52%) in the temperature range of 250-450 °C is attributed to the degradation of the 
organic component, namely aminopropyl and alkyl chains. The final weight loss (3.34%) in the range of 450-800 °C is related to 
the hydroxylation of the Ti-OH groups remaining on the surface, which leads to the formation of Ti-O-Ti groups. The residual mass 
(93.02%) is related to the inorganic part of the structure. Due to the second weight loss, the amine content of the titanium dioxide 
substrate is 0.155 mmol/g.14
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Figure S15. TGA and DTG analysis of TiO2-NH2 in N2 atmosphere with heating rate 10°C/min.
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4.1.7. FT-IR spectrum of TiO2-Br

The new absorption band at 1631 cm-1 is related to the stretch vibrations of the C=O group of amides, which is 
formed by the interactions of the amines on the surface with the α-bromoisobutyral bromide (Figure S16).15
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Figure S16. FT-IR spectrum of TiO2-Br

4.1.8. TGA and DTG analysis of TiO2-Br

The first and second weight loss (1.44%) in the temperature range of 25-170 °C is related to the release water molecules in the 
sample. The third weight loss (1.85%) in the temperature range of 170-265 °C was attributed to the degradation of the organic 
part (initiator). According to the weight loss in the temperature range of 265-450 °C, the amount of Br in the titanium dioxide 
substrate is 0.222 mmol/g (Figure S17).16

100 200 300 400 500 600 700 800

88

90

92

94

96

98

100

Temperature (°C )

W
ei

gh
t l

os
s 

(%
)

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

dm
/d

t (
%

.m
in

-1
)

200 400 600 800
0

20

40

60

80

100

W
ei

gh
t l

os
s 

(%
)

Temperature (°C )
Figure S17. TGA and DTG analysis of TiO2-Br in N2 atmosphere with a heating rate of 10°C/min.
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4.1.9. BET of TiO2-Br
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Figure S18. N2 adsorption-desorption analysis of TiO2-Br.

Calculations of BET theory showed that the surface area of TiO2-Br was 37.2 m2/g (Fig. S19). The decrease in the surface area of 
TiO2-Br compared to TiO2 indicates that the substrate surface has been modified. Based on the results of TGA and BET analysis, 
the value of 4.74 molecules.nm-2 initiator is grafted onto the TiO2 surface, which is calculated according to the following equation:

𝐺𝐼 =

𝑊 %𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 + 𝑇𝑖𝑂2

100 ‒  𝑊 %𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 + 𝑇𝑖𝑂2
‒

𝑊 %𝑇𝑖𝑂2

100 ‒ 𝑊 %𝑇𝑖𝑂2

𝑀𝐼𝑛𝑖𝑡𝑖𝑎𝑡𝑜𝑟 ×  𝑆𝑠𝑝 
×  𝑁𝐴                                                                                         𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1                     

GI: initiator grafted density (molecules.nm-2)
W%: Weight loss of various nanoparticles from TGA analysis.
NA: Avogadro’s number (6.022×1023)
M Initiator: Grafted initiator molar mass (149.996 g.mol-1)
Ssp: Specific surface area. According the BET result, we can know Ssp = 37.2×1018 nm2.g-1

4.1.10. AFM image of TiO2-Br

The surface morphology of TiO2 nanoparticles changed after anchoring the initiator on the surface, and the aggregation of 
nanoparticles was decreased due to the presence of APTES and BIBB on the surface, according to atomic force microscopy images 
(Figure S19).
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Figure S19. Atomic force microscopy images of TiO2-Br (A) two-dimensional and (B) three-dimensional.

5. Polymer analysis 

5.1 Mechanism of polymer grafting via SI-ATRP method

The mechanism for grafting of GMA and SPEA monomers on the surface of the modified TiO2 nanoparticles is based on ATRP and 
is shown in the Scheme S6. 
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Scheme S6. The mechanism for grafting of GMA and SPEA monomers on the surafec of the modified TiO2 nanoparticles.

5.2. EDS analysis of TiO2-g-(PSPEA-co-GMA)

According to EDS analysis (Figs. S20 A and B), the C, N, and Br content significantly increased after modification of the TiO2 surface 
with polymer shows that the surface was successfully modified with photochromic polymer. 
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Figure S20. EDS analysis of pure TiO2 nanoparticles (A) and TiO2-g-P(SPEA-co-GMA) (B).

5.3. BET of TiO2-g-(PSPEA-co-GMA)

Element W%

O 48.23

Ti 51.77

A

B Element W%

C 52.82

N 10.20

O 25.64

Si 1.23

Ti 6.32

Cu 1.03

Br 2.77
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Figure S21. N2 adsorption-desorption analysis of TiO2-g-P(SPEA-co-GMA).

5.4. UV-Vis spectra of P(SPEA-co-GMA) free copolymer
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Figure S22. UV-Vis spectra of P(SPEA-co-GMA) in acetonitrile at different time intervals.
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