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1 Materials and Methods 

1.1 Materials: 

Polyvinyl alcohol (PVA) grades were purchased to Archroma Iberica S.L. (distributors of 

Kuraray Co. in Spain). Miglyol® 812 (M812) and Miglyol® 829 (M829) were purchased from 

Oxi-Med Express (distributors of Sasol in Spain). 

Photorome I (PhI) was purchased from TCI Chemicals. Reversacol™ dyes: Palatinate Purple 

(PP), Aqua Green (AG), Berry Red (BR), Rush Yellow (RY), Claret (Cl), Misty Grey (Misty), 

Midnight Grey (MD) and Graphite (GR) were purchased from Vivimed Labs.  

Hydrophobic oils diethyl phthalate (DEP), dioctyl phthalate (DOT), dioctyl terphthalate 

(DOT), diisononyl phthalate (DINOP), silicone polyphenyl-methylsiloxane oils (SiAR20, ~ 20 

mPa.s and SiAP1000, ~ 1000 mPa.s), hexadecane (HD), hexylbenzene (HxBz) and 3-phenyl- 

1,1’-bicyclohexyl (3PhbCH) were purchased from Sigma Aldrich. The hydroxyethyl cellulose 

(HEC, 80-125 cP at 2 wt. in water) was purchased from Sigma Aldrich. 

Polymer pellets of polymethylmethacrylate (PMMA, 120 kg/mol) and poly(Bisphenol A 

carbonate) (PC, melt index 10-12 g/10 min, 300°C/1.2kg) were purchased from Sigma Aldrich. 

All reagents and solvents were used as received without further purification. Water was 

distilled at our facilities using a GFL 2004 water distillation units.  

 

1.2 Preparation methods: 

1.2.1 Dye@oil@PVA films preparation 

An organic photochromic solution (A) was prepared by dissolving the desired photochromic 

dye into a lipophilic oil (e.g. M812) at 80 oC under 300 rpm magnetic stirring for 10 min. The 

concentration varied in the range from 1 to 8 wt.% depending on the dye. 

An aqueous solution of PVA (B) at the desired concentration (PVA 4-88 at 20 wt.%, PVA 40-

88 at 10 wt.%) was prepared by gradually adding the PVA crystals to warm distilled water 

under intense magnetic stirring. The crystals were allowed to dissolve under reflux at 110 oC 

under 1000 rpm magnetic stirring for 3 h. 

In a 30 mL glass vial, 1.0 g of the photochromic solution A was mixed with 9.0 g of the aqueous 

PVA solution B (9 g PVA 4-88, 15g PVA 40-88). The obtained mixture was manually stirred 

to generate a preemulsion, which was allowed to rest 2 min in order to flocculate the air 

bubbles. This preemulsion was converted into a nanoemulsion by using ultrasonic homogenizer 
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(Branson 450 D Sonifier, 400 W-20 kHz, equipped with 13 mm disruptor horn) operating at 

70% of amplitude for 20 minutes (PVA 4-88) or 60 minutes (PVA 40-88). The mixture was 

cooled down along the nanoemulsification by keeping the reaction vial in an ice/water bath. 

The sonication process consisted of pulses of 10 seconds of irradiation alternated by 5 seconds 

of pause, to avoid heat build-up. A translucent nanoemulsion was obtained with a slight bluish 

opalescence at the end of the nanoemulsification. 

The desired amount of nanoemulsion (usually 8 g) were poured into a polystyrene Petri plate 

of 8.5 cm of diameter. The water was allowed to dry at 35 oC for 40 h on a flat surface.  

 

1.2.2 PhI@M812@HEC film preparation 

The film was prepared as the PhI@M812@PVA-40 (made of PVA 40-88, see section 1.2.1), 

but using 23 g of aqueous solution of HEC at 5 wt.% concentration, instead of an aqueous 

solution of PVA 40-88. 

 

1.2.3 Dye@M812@PVA film with Dr. Blade applicator 

The mixture of photochromic solution and PVA aqueous solution was prepared as above but 

scaled up to 200 g. The mixture was converted into a nanoemulsion by processing it with a 

high pressure homogenizer (MicrofluidizerTM, LM20) equipped with a F12Y diamond 

interaction chamber at 30000 PSI until the droplet size reached a minimum value. This 

nanoemulsion was then casted on a substrate using a doctor blade applicator (Zehntner 

automatic film applicator ZAA2300.FH and a universal applicator blade ZUA2000.220mm) at 

50 oC and 2.5 mm/s casting speed obtain a 100 μm thick film. 

 

 

1.2.4 Plain PVA 4-88 and PVA 40-88 films preparation  

8 g of the aqueous PVA 4-88 solution at 20 wt.% concentration were subjected to ultrasonic 

irradiation as described above, and then poured into a polystyrene Petri plate of 8.5 cm of 

diameter. The water was allowed to dry at 35 oC for 40 h on a flat surface inside the incubator 

(Memmert, IN 75). To obtain PVA 40-88 plain films, the same procedure was carried out, but 

using 15 g of the aqueous PVA 40-88 solution at 10 wt.% concentration 
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1.2.5 dye@PMMA and dye@PC films preparation 

In a 10 mL vial were added 500 mg of polymer pellets, either PC or PMMA, and the desired 

photochromic dye (e.g. 10 mg of PhI). The polymer pellets and the dye were dissolved in 5 mL 

of chloroform for 15 min under magnetic stirring and then transferred to a glass Petri plate of 

5 cm in diameter. The chloroform is allowed to evaporate at room temperature in a fume hood 

overnight, after which a solid photochromic film with circular shape is formed. 

 

1.2.6 dye@PVA 

4 mg of PhI where dissolved in 2 mL of ethanol by stirring at 50 oC. This organic phase was 

added to 10 g of an aqueous solution of PVA 4-88 at 2 wt.%. The resulting turbid mixture was 

then casted into a polystyrene Petry plate of 4.5 cm of diameter and allowed to dry on topo of 

a heating plate at 35 oC overnight. A hazy film with circular shape was obtained. 

1.2.7 Photochromic Windows and Mirror coating 

The antireflective mirror and the coated glasses and low-E IGU glass (15 X 15 cm2) were 

obtained by directly casting the photochromic nanoemulsion (35 g) on the surface of the glass 

and let the water evaporate at 35 oC. The photochromic windows used for the house model, 

were prepared by casting the nanoemulsion (30 g) made of different dyes (e.g. MD, PP, CL) 

onto standard squared glass slides of 12x12 cm2 and 20x20 cm2 and layering on top another 

glass slide forming the laminates.  

 

1.2.8 Photochromic Glasses 

Photochromic dye@M812@4-88 films were placed between two clear curved glass provided 

by an optical shop. Heat was applied with a heat gun to thermoconformate the film to the 

glasses curvature (60 ºC). The glasses and the film were allowed to cool to room temperature 

and the laminates were then cut and placed into a glasses frame by an ophthalmologist. 

 

1.2.9 Photochromic helmet 

A dye@M812@4-88 film of 40 cm x 22 cm was prepared by doctor blade casting on 

polystyrene substrate as described above. This film was pealed out and placed on the visor of 

a motorcycle helmet (LS2, FF370 THUNDER) and attached by electrostatic attraction. The 

shape of the film was adjusted by cutting the exceeding material with a cutter. 
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1.3 Characterization methods: 

1.3.1 UV-Vis absorption measurements 

UV-Vis absorption/transmittance spectra 

The photochromic film was placed in the custom-made sample holder of an Agilent Cary™ 60 

spectrophotometer, at 90o angle respect to the measuring beam. The excitation light was 

obtained from a solar simulator (Abet SunLite™ 11002, AM1.5G filter) or UV radiation (365 

nm) and was sent to the sample though an optical path at 45o respect to the film plane and the 

measuring beam. The excitation light and the measuring beam intersected at the film surface 

plane. The power of the light emitted by the solar simulator that reach the sample was 

equivalent of 0.44 Suns (0.44 W/m2), when measured with the photovoltaic reference cell 

provided by Abet. 

The initial absorption/transmittance spectrum of the film, in the dark, was recorded using air 

as 100 % transmittance reference. The absorption/transmittance spectra of the photoactivated 

films were measured while irradiating the sample with the solar simulator or UV radiation, and 

after reaching the photostationary state, when the absorption/transmittance spectrum of the 

photoactivated film does not change over time.  

 

Study of the fading kinetics 

The software WinUV Kinetics was used to monitor the fading (in the dark) kinetics with the 

Agilent Cary™ 60 spectrophotometer. 

The evolution of the transmittance of the photochromic film during and after irradiation of the 

film was monitored at the absorption maximum (max) of the colored form of the dye.  

Irradiation of the films was continued for 200 s up to reaching a plateau (photostationary state) 

of absorbance or transmittance. At this point (t = 0), the excitation light was stopped and the 

transmittance was monitored again for further 200 s, during which the film was allowed to fade 

back to the colorless state in the dark. The temperature at the fading process was kept as close 

as possible to 25 oC, by controlling the room temperature.   

In order to compare kinetic data, the variation of transmittance over time was converted to 

variation of absorption through the equation [Abs = 2-Log(%T)] and the decay was normalized 

at the photostationary state absorbance value (Abst=0 = 1). The fading process was fitted using 

with OriginPro Lab 2018 software. The time needed for the sample to fade to the half (t1/2) and 
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three quarters (t3/4) of its absorbance (at the photostationary state was obtained from the 

interpolated fitting function.  

 

1.3.2 Dynamic Light Scattering (DLS) 

0.1 mL of the nanoemulsion were diluted by a factor of 50 into of deionized water and 2 mL 

of this mixture was poured into a cuvette of 1 cm path length. The size distribution of the 

nanodroplets was measured with Malvern Z-sizer at 173o scatter angle and 25 oC. Each sample 

was measured 3 times and the results were averaged. 

 

1.3.3 Scanning Electron Microscopy (SEM) 

A piece of about 0.5 cm2 was cut from the NEE film. This piece was frozen and broken in 

liquid nitrogen into several small pieces which were deposited on an aluminium stub covered 

with carbon tape. The samples were analysed by the scanning electron microscope FEI Quanta 

650 FEG, operated at 10 kV with spot size of 3.  

 

1.3.4 Differential Scanning Calorimetry (DSC) 

Around 3-5 mg of PVA or NEE film were placed in a 0.5 cm of diameter aluminium capsule 

and sealed by applying pressure. The heat flow of the films was measured with a PerkinElmer 

DSC 8000 differential scanning calorimeter and an empty capsule was used as reference. The 

crystallization of M812 was detected by equilibrating the sample at 25 oC for 5 minutes and 

then cooling to -50 oC at 2.0 oC/min. The Tg and the melting of the matrix were detected by 

equilibrating the samples at 0 oC for 5 minutes and then heating to 160 oC at 20 oC/min rate. 

The Tg value was calculated with PerkinElmer Pyris data analysis software. 

 

1.3.5 Thermogravimetric Analysis (TGA) 

Around 10 mg of PVA or NEE film were placed in a platinum pan of 0.5 cm of diameter. The 

heat flow of the films was measured with a PelkinElmer Pyris 1 TGA. The samples were 

equilibrated at 25 oC for 5 minutes and then heated to 700 oC at 5 oC/min under nitrogen 

atmosphere. 
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2 Supporting tables: 

Table S 1: kinetics parameters obtained from the exponential fitting of the fading, in the dark, 

of PhI in the various media, after being photocolored up to the photostationary state. 

 

 
 

 

 

Table S 2: t1/2, t3/4 and max of the dyes in the different media. 

 
a due to the long-lasting residual color of RY during the fading, also in the liquid state (and thus in the 

RY@M812@PVA) t3/4 could not be determined and in this case the time required to the RY dye to 

reach 35% (instead of 25%) of its initial absorbance is given. 
b this λmax refers to the one of the main band. 
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Table S 3: t1/2 and t3/4 of the dyes in the different media, ordered according to their increasing 

value. 

 
 

 

Table S 4: kinetics parameters of the fading (after reaching the photostationary state), max and 

%T@500 nm of the PP@oil@PVA films. 

 
 

dye@M812 dye@M812@PVA dye@PMMA

PhI 1.4 2.7 PhI 1.4 2.7 PhI 12.7 65

Misty 2.2 4.7 PP 1.4 2.6 AG 34.2 118.5

PP 5.6 11.2 Misty 2.5 5.9 RY 38.8 125a

AG 7.5 15.1 CL 3.6 7.5 PP 109 342

CL 10.5 21.5 AG 7.5 14.3 BR 115.6 444.1

RY 11.3 27.5a RY 10.1 21.0a CL 128 593

MD 14.8 41.7 MD 10.9 29.3 Misty 286.9 > 890

BR 22.4 52.4 BR 35.8 82.1 MD > 890 >> 890

GR 56.2 225 GR 72.6 216 GR > 890 >> 890

oil
Film Transparency

(%T@500 nm)
λmax

(nm)
t1/2 (s) t3/4 (s)

M812 Ѵ (85) 603 1.55 2.70

M829 Ѵ (84) 602 1.85 3.75

DEP Ѵ (82) 604 1.23 2.33

DOP Ѵ (73) 600 3.95 8.15

DOT Ѵ (88) 594 4.65 10.1

DINOP Ѵ (83) 594 3.95 8.55

SiAR20 Ѵ (82) 612 1.40 2.90

SiAR1000 Ѵ (87) 605 1.80 3.40

HD Ѵ (76) 605 1.65 3.35

HxBz X (40) 596 5.85 12.4

3PhbCH X (37) 597 7.15 15.5
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3 Supporting Schemes: 

 

 
Scheme S1: chemical structures of the isomeric forms of PhI. 

 

 

4 Supplementary Figures: 

 
Figure S 1: size distribution of the o/w nanoemulsion, measured by DLS, upon increasing 

sonication time. 
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Figure S 2: SEM images of the a) section PhI@M812@PVA film obtained upon cryo-

fracture, b) zoom of the film surface showing the pores left over by the M812; c) surface of the 

plain PVA film, in which the pores are not observed, shown for comparison.  
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Figure S 3 : a) DSC of PhI@M812@PVA film upon cooling at 2 oC/min; DSC of PVA 4-88 

raw material, plain PVA film and PhI@M812@PVA film, upon heating at 20 oC/min; c) TGA 

of PVA 4-88 raw material, plain PVA film and PhI@M812@PVA film. 
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Figure S 4: transmittance spectrum of a) PhI@M812@PVA film, in the dark and b) plain 

PVA film, against air reference; c) absorption spectrum of PhI@M812@PVA film in the dark 

(λmax = 319 nm) and during UV irradiation (λmax = 603 nm).  

 

 

Figure S 5: Normalized absorption spectra of PhI@M812 solution and PhI@M812@PVA 

film. 
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Figure S 6: a) time-dependent absorption study (at λmax = 603 nm) study of PhI@M812@PVA 

film during photoinduced coloration (up to the photostationary state) and fading in the dark; 

fading kinetics in b) log10 and c) linear scale of PhI@M812 solution and PhI@M812@PVA, 

PhI@PVA, PhI@PC and PhI@PMMA films. 
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Figure S 7: absorption spectra of a) PhI@M812@PVA-40 and b) PhI@M812@HEC films 

in the dark and under UV irradiation; c) fading kinetics of PhI@M812@PVA, 

PhI@M812@PVA-40 and PhI@M812@HEC films. 

 
Figure S 8: images the PhI@M812@PVA, PhI@PVA and PhI@PC films in the dark, before 

irradiation, and snapshots of the films fading, at different periods of time as indicated in the 

figure, where the difference in the discoloration kinetics between both samples is clearly 

reflected. The opacity of the PhI@PVA film is due to the little solubility of PhI in PVA matrix. 
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Figure S 9: absorption spectra of a) PhI@PC and b) PhI@PMMA, and c) PhI@PVA in the 

dark and under UV irradiation. 

 

 

 

Figure S 10: absorption spectra of the photoinduced colored state of a) PhI@PC and b) 

PhI@M812@PVA films, before and after 1, 5 and 20 h of continuous irradiation with UV 

radiation. 
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Figure S 11: absorption spectra of dye@M812@PVA and dye@PMMA films in the dark and 

under solar simulator irradiation. The films were obtained from a) AG, b) PP, c) CL, d) BR, e) 

RY, f) Misty, g) MD, and h) GR dyes. 

 



   

 17 

 

Figure S 12: a) (AG+BR)@M812@PVA film in the dark and exposed to sunlight; b) 

absorption spectra of (AG+BR)@M812@PVA film in the dark and under UV irradiation. 
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Figure S 13: normalized absorption spectra of dye@M812@PVA, dye@PMMA films and 

dye@M812 solutions under UV irradiation. The films were obtained from a) AG, b) PP, c) 

CL, d) BR, e) RY, f) Misty, g) MD, and h) GR dyes. 
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Figure S 14: fading kinetics of dye@M812@PVA, dye@PMMA films and dye@M812 

solutions in the dark and under UV irradiation. The films were obtained from a) PP, b) AG, c) 

CL, d) BR, e) RY, f) Misty, g) MD, and h) GR dyes. 
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Figure S 15: snapshots of the PP@M812@PVA, PP@PMMA, MD@M812@PVA, 

MD@PMMA films before exposition to sunlight and their fading in the dark.  The snapshots 

of the fading show the different fading rate between the PP@M812@PVA and PP@PMMA 

films and between the MD@M812@PVA and MD@PMMA films.  

 

Figure S 16: Transmittance spectra of PP@oil@PVA in the dark. 
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Figure S 17: Pictures of the different dye@M812@PVA films in the dark and under ambient 

sunlight irradiation. 

 

 

 

Figure S 18: a) absorption spectra of the photoinduced colored PP@oil@PVA films; b) 

dependence of t1/2 vs λmax of the films.  
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Figure S 19: comparison of the a) absorption spectra and b) fading kinetics of the 

PP@M812@PVA vs PP@M812@PVA-40 films. 

 

Figure S 20: size distribution of o/w nanoemulsions of M812 in a water solution of PVA 4-88, 

prepared through high-pressure-homogenization (Z-average = 83 nm, polydispersity index = 

0.14) 
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Figure S 21: a) transmittance spectra of the films prepared, through the nanoemulsion 

entrapment process, immediately after, 1, 3 and 12 weeks after the nanoemulsion preparation. 

 

Figure S 22: a) picture and b) transmittance spectra of the film (22 X 40 cm2), in the dark, 

obtained through nanoemulsion entrapment process and using Dr. Blade applicator. 
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Figure S 23: a) pictures and b) transmittance spectra (in the dark and under UV irradiation) 

and c) fading kinetics of films prepared through the nanoemulsion entrapment process, from 

fresh nanoemulsions and after various films recycle, without sonication step. 
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Figure S 24: a) pictures and b) transmittance spectra (in the dark and under UV irradiation) 

and c) fading kinetics of films prepared through the nanoemulsion entrapment process, from 

fresh nanoemulsions and after various films recycle, with sonication step. 
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Figure S 25: transmittance spectra of photochromic glasses prepared from a) 

PP@M812@PVA and c) Misty@M812@PVA films; fading kinetics of photochromic glasses 

prepared from b) PP@M812@PVA and d) Misty@M812@PVA films. 

 

 

Figure S 26: reflectance spectra of the mirror substrate coated with a grey-colored 

nanoemulsion entrapment film, in the dark and under solar simulator irradiation. 
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Figure S 27: a) low-E IGU glass sample coated with GR@M812@PVA (used for the 

temperature increment study), in the dark and under ambient sunlight irradiation; b) scheme of 

the experiment for the study of the temperature enhancement during solar simulator irradiation 

through a window coated or not with the GR@M812@PVA film.  
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5. Captions of Supplementary Videos 
 
Video S1_PhI@M812@PVA vs PhI@PC. Video showing the different fading times of 
PhI@M812@PVA and PhI@PC films, after exposed to UV irradiation. 
 
Video S2_PP@M812@PVA vs PP@PMMA. Video showing the different fading times of the 
fading of PP@M812@PVA and PP@PMMA films, after exposed to solar light. 
 
Video S3_MD@M812@PVA vs MD@PMMA. Video showing the different fading times of the 
fading of MD@M812@PVA and MD@PMMA films, after exposed to solar light. 
 
Video S4_Misty@M812@PVA@glasses. Video showing the fast fading of glasses prepared 
with the Misty@M812@PVA film. 
 
Video S5_PP@M812@PVA@glass. Video showing the fast writing and self-erasing of a 
photochromic rewritable glass, prepared with the PP@M812@PVA film. 
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