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Two-dimensional (2D) nanosheets are a class of fascinating host material that demonstrates a high specific
surface area for the immobilization of functional molecules. Herein, we describe a layered photochromic
film using montmorillonite 2D nanosheets immobilized with spiropyran units, which demonstrates
a remarkable and reversible photochromic behavior. The synthesis of the layered photochromic film
includes the intercalation and exfoliation of montmorillonite powders into 2D nanosheets using
a spiropyran-modified surfactant and a subsequent vacuum filtration. The photochromic units of
spiropyran-modified quaternary ammonium groups are immobilized on the surface of montmorillonite
2D nanosheets through an electrostatic interaction after exchanging with the native cations in
montmorillonite during the intercalation and exfoliation. The photoisomerization of the spiropyran units
between closed-ring spiropyran and open-ring merocyanine upon visible/UV irradiation contributes to

the photochromic behavior of the layered film. The color contrast between the coloration and
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Accepted 15th April 2019 decoloration states of photochromic film is optimized by increasing the amount of spiropyran-modified

cationic surfactant during the intercalation and exfoliation process. Our layered films with a visual

DOI: 10.1038/¢9ra01480b photochromic behavior may promote their applications for optical data storage, optical switching and
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1. Introduction

Photochromic molecules which can undergo reversible color
change upon the external stimulus of light have attracted much
attention for potential applications in optical data storage,
optical switching and chemical sensing.'® Spiropyran is one of
the most studied photochromic molecules because of its fast
and reproducible color switching resulting from the photo-
isomerization between the colorless (light yellow) closed-ring
spiropyran (SP) form and deeply colored open-ring mer-
ocyanine (MC) form.”™ Photochromic films are strongly
desired for further applications, and are generally derived from
the dispersion of the spiropyran molecules into a polymer
matrix or the polymerisation of spiropyran-based mono-
mers.”"™* The development of an alternative strategy towards
novel photochromic films is essentially important.
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Two-dimensional (2D) nanosheets are an emerging class of
nanomaterials that demonstrate an ultrahigh specific surface
area because of their large lateral size and ultrathin thick-
ness."*** These unique surface characteristics make 2D nano-
sheets act as fascinating nanosized building blocks to
immobilize functional molecules. Furthermore, the solution-
based processability of 2D nanosheets is favorable for the
fabrication of high-quality layered thin film by a simple method
such as vacuum filtration."***** Montmorillonite is one of
extensively studied layered clay minerals. The layer spacing of
Al-O octahedral sheet sandwiched by two Si-O tetrahedral
sheets can be intercalated with functional molecules by
exchanging their native cations with organic cations.*** Several
examples have reported that the adsorption of cationic spi-
ropyrans into montmorillonite interlayers through ion
exchange for photochromic application.”***' However, only
a few works focused on the fabrication of photochromic films
using spiropyrans-intercalated montmorillonite. Saso et al.
fabricated ultrathin spiropyran-montmorillonite hybrid film by
the Langmuir-Blodgett method.”® Kinashi et al. prepared
photochromic films by casting a suspension containing cationic
spiropyran-intercalated montmorillonites on glass substrate.?
In spite of these works, the development of a stable, uniform
and large-area photochromic films with a visual color switch
derived from spiropyran-intercalated montmorillonite still
remains a challenge.
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Herein, we reported a novel photochromic layered film using
montmorillonite 2D nanosheets immobilized with spiropyran
units. Two kinds of surfactants containing quaternary ammo-
nium cations were used to intercalate and exfoliate montmo-
rillonite powders into high-quality 2D nanosheets. The
spiropyran-modified quaternary ammonium cations were
immobilized on the surface of 2D nanosheets during the
intercalation and exfoliation, which acted as the photochromic
units. The exfoliated montmorillonite nanosheets were subse-
quently stacked into a stable photochromic layered film by
a vacuum filtration, which demonstrated a remarkable and
reversible photochromic behavior.

2. Results and discussion

2.1 Photochromic properties of synthesized spiropyran-
modified cationic surfactants

The solid-stated spiropyran-modified cationic surfactant, 1'(6-
triethylammoniohexyl)-3’,3'-dimethyl-6-nitrospiro(2H-1-benzo-

pyran-2,2’-indoline)bromide (SP-6) was in closed-ring SP state
(Fig. 1A). When SP-6 was dissolved into water, an open-ring
merocyanine (MC) state was formed spontaneously through
the cleavage of the Cgpir,~O bond by the high polarity of
water.”*> The photochromic properties of SP-6 in water were
then investigated. As shown in Fig. 1B, the aqueous solution of
SP-6 (1 mM) exhibited a pink color because of the spontaneous
formation of MC form. The maximal absorption peak in visible
region was observed at 503 nm due to the extended m-conju-
gation between the indoline and the benzopyran moieties in
MC state (Fig. 1C).” The irradiation of visible light changed the
color of solution to be light yellow because of the photo-
isomerization of MC to SP state. Correspondingly, the absorp-
tion peak at 503 nm almost disappeared. When the SP solution
was irradiated by UV light, the characteristic absorption peak at
503 nm increased gradually following the irradiation time
(Fig. S1t). Subsequently, the color of the solution recovered to
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Fig. 1 (A) The photoisomerization between deeply colored mer-
ocyanine (MC) and light yellow spiropyran (SP) state in the aqueous
solution of a synthesized spiropyran-modified cationic surfactant (SP-
6). (B) The visual photochromism of SP-6 aqueous solution under
visible and the followed UV illumination. (C) The UV-visible absorption

spectra for the as-prepared SP-6 solution, the SP-6 solution after
visible illumination and the followed UV illumination.
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be pink color. These results indicated that the aqueous solution
of our synthesized spiropyran-modified surfactant demon-
strated a clear photochromic property.

2.2 Characterization of montmorillonite 2D nanosheets
immobilized with spiropyran

It has been well-recognized that montmorillonite powders can
be intercalated and exfoliated into 2D nanosheets through the
exchange of its native cations with organic cations in the
surfactants,*** or through the thorough stirring in water.*® In
our work, two kinds of surfactants were used to intercalate and
exfoliate montmorillonite powders. One surfactant is a synthe-
sized SP-6 cationic surfactant. The other one is a commercially
available dioctadecyldimethylammonium bromide (DODAB).
The quaternary ammonium cations having spiropyran groups
in SP-6 acted as the photochromic units. The double octadecyl
chains in DODAB were used to improve the dispersion of exfo-
liated 2D nanosheets in chloroform and enhance the mechan-
ical stability of the photochromic film. As shown in Fig. 2, when
montmorillonite powders were stirred with SP-6 and DODAB in
water at 70 °C, the quaternary ammonium cations in the
surfactants of SP-6 and DODAB exchanged with native cations
of Na*, Ca®>" and K' of montmorillonite.>*** The electrostatic
interaction between the quaternary ammonium cations and the
negatively charged surface of montmorillonite resulted in the
immobilization of spiropyran groups in SP-6 and the double
octadecyl chains in DODAB on the surface of montmorillonite
2D nanosheets (Fig. 2). The hydrophobic double octadecyl
chains made the dispersion of exfoliated 2D nanosheets in
chloroform to form a stable colloidal suspension, which
demonstrated a similar photochromism from light pink to light
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Fig. 2 A schematic diagram for the intercalation and exfoliation of
montmorillonite powders into nanosheets using our synthesized SP-6
and commercially available dioctadecyldimethyl ammonium bromide
(DODAB) surfactants. The photochromic units of spiropyran-modified
quaternary ammonium groups are immobilized on the surface of
montmorillonite 2D nanosheets through an electrostatic interaction
after exchanging with the native cations in montmorillonite, which
could be stacked into a photochromic film by a subsequent vacuum
filtration. The double octadecyl chains in DODAB were used to
improve the dispersion of exfoliated 2D nanosheets in chloroform and
enhance the mechanical stability of the photochromic film. This
diagram was not drawn to scale.
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yellow resulting from the photoisomerization between MC and
SP state (Fig. 3A).

The visible irradiation resulted in the decoloration of 2D
nanosheets dispersion solution and the UV illumination
recovered its color. In a subsequent process, the stable disper-
sion of 2D nanosheets immobilized with SP-6 in chloroform was
used to fabricate a photochromic film by a vacuum filtration
through a nylon filter.

The structure of montmorillonite 2D nanosheets exfoliated
by SP-6 and DODAB was characterized by TEM measurement.
The TEM image (Fig. 3B) indicated that the exfoliated mont-
morillonite showed a clear 2D nanosheet structure with a lateral
size of several hundred of nanometers, which could be used as
the building blocks for the formation of a layered film. The AFM
measurement also revealed the structure of nanosheets with
a similar lateral dimension (Fig. 3C). The height profile indi-
cated that the thickness of montmorillonite 2D nanosheets was
~3.6 nm, which was much larger than that in native montmo-
rillonite** due to the immobilization of quaternary ammonium
ions containing spiropyran groups and the double octadecyl
chains.®*® Supposed that the thickness of a pure single-layer
montmorillonite nanosheet was ~0.96 nm,* the thickness of
quaternary ammonium ions on the two sides of 2D nanosheets
was determined to be ~2.64 nm.

2.3 Photochromic behaviors of layered films

The montmorillonite 2D nanosheets in chloroform could be
stacked into dark-pink, paper-like layered film by a vacuum
filtration of the suspension solution through a nylon filter
membrane (inset in Fig. 4A). The surfactant of DODAB was
essentially necessary for the intercalation and exfoliation of
montmorillonite powers into 2D nanosheets because the
hydrophobic double octadecyl chains could improve the
Visible
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Fig. 3 (A) The montmorillonite 2D nanosheets immobilized with SP-6
in chloroform formed a stable colloidal suspension, which demon-
strated a photochromism between light pink and light yellow. (B) The
TEM image indicated that the exfoliated montmorillonite showed a 2D
nanosheet structure. (C) The AFM measurement revealed the thick-
ness of exfoliated montmorillonite nanosheets was ~3.6 nm.
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Fig. 4 (A and B) The top-viewed (A) and cross-sectional (B) SEM

images of the layered photochromic film prepared by a vacuum
filtration of montmorillonite 2D nanosheets immobilized with SP-6.
Inset of (A): a photograph of the dark-pink, paper-like and self-
standing layered photochromic film. The dense stacking of mont-
morillonite nanosheets immobilized with SP-6 resulted in an oriented
layered structure. (C) XRD diffraction pattern of layered photochromic
film, which indicated that the calculated dgo; spacing was ~2.2 nm. (D)
The FTIR spectra of SP-6, pure montmorillonite and layered photo-
chromic film. The typical characteristic peaks for the nitro and phenyl
groups in SP-6 were identified in the layered film.

dispersion of exfoliated 2D nanosheets in chloroform. Other-
wise, a high-quality layered film could not be obtained. Note
that the layered film derived from only DODAB-exfoliated
montmorillonite showed a color of light yellow, which was the
native color of montmorillonite nanosheets (Fig. S21). The self-
standing layered film demonstrated a smooth surface without
obvious defects (Fig. 4A). The wrinkles on the surface indicated
the layered film was composed of nanosheets structure. The
cross-sectional SEM image (Fig. 4B) verified the dense stacking
of nanosheets into an oriented layered structure. The calculated
doo1 spacing in layered film was ~2.2 nm determined from the
XRD diffraction peak at 26 = 4.0° based on the Bragg's equation
(nA = 2d sin 6) (Fig. 4C). Note that the very weak XRD diffraction
peak at 26 = 7.2° was derived from the small amount of unex-
foliated montmorillonite.** The bimolecular layer with a length
of ~5.0 nm formed by DODAB molecules increased the dgg;
spacing of layered film.** The Fourier transform infrared (FTIR)
spectra were used to further clarify the existence of spiropyran
units in the layered film. In comparison with pure montmoril-
lonite (Fig. 4D), the FTIR spectrum of layered film displayed the
typical characteristic peaks for the stretching vibration of nitro
group in SP-6 at 1515 cm ™ * and 1335 cm ™, and for the bending
vibration of -CH in phenyl groups of SP-6 at 747 cm™*,%? indi-
cating the successful immobilization of spiropyran units in the
layered film.

The self-standing layered film demonstrated a remarkable
photochromism at room temperature and ambient pressure. In
this case, the weight percentage of SP-6 in the total surfactants

RSC Adv., 2019, 9, 12325-12330 | 12327
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during the intercalation and exfoliation process of montmoril-
lonite was 30%. Note that not all the SP-6 molecules were
intercalated into montmorillonite. As shown in Fig. 5A-E, the
as-prepared self-standing layered film demonstrated a color of
dark purple with a strong absorption in visible region due to the
MC state of SP-6 (Fig. 5F). The MC state was formed during the
intercalation and exfoliation process of montmorillonite by
DODAB and SP-6 due to the high polarity of water. The red shift
of the characteristic peak of MC from 503 nm in aqueous
solution to 550 nm in stacked layered film was ascribed to the
aggregation of MC in the interlayer space of montmorillonite
2D nanosheets. Following the visible irradiation, the isomeri-
zation of MC to SP reduced the visible absorption of the layered
film, which decolorized the film to be dark yellow. The UV
irradiation was able to recover the color of decolorized film to be
dark purple following the recovery of the characteristic peak of
MC at 550 nm. Furthermore, the photochromism of layered film
was reversible, as evidenced by the four cycles of coloration and
decoloration states (Fig. 5A-E).

2.4 Enhancement of the visual photochromic contrast of
layered films

Generally, a high spiropyran quantity in the film is strongly
desired to enhance the photochromic performance. The quan-
tity of spiropyran in our layered film could be facilely increased
by increasing the weight percentage of SP-6 during the inter-
calation and exfoliation of montmorillonite into 2D nano-
sheets. As shown in Fig. 6A and B, when the weight percentage
of SP-6 in the total surfactants during the intercalation and
exfoliation process increased from 30% to 70% and 90%, the
color the as-prepared layered film became deeper because of the
increased spiropyran quantity in the layered film, which was
evidenced by the reduced visible reflectance of MC in the diffuse
reflection spectra (Fig. 6C). Note that the layered film prepared
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Fig. 5 (A—E) The photochromic behavior of the self-standing layered
film. Under visible illumination, the layered membrane demonstrated
a photochromism from dark purple to dark yellow (A and B). The UV
irradiation recovered the color of decolorized film to be dark purple (B
and C). The four cycles of coloration and decoloration states (A—E)
indicated that the photochromism of layered film was reversible. (F)
The UV-visible diffuse reflection spectra of the as-prepared layered
film and the layered film after visible (decoloration state) and the fol-
lowed UV illumination (coloration state).
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Fig. 6 (A and B) The photochromic behavior of the as-prepared
layered film fabricated with different SP-6 quantity. The weight
percentage of SP-6 in the total surfactants was 70% (A) and 90% (B). A
high spiropyran quantity magnified the visual color contrast between
the coloration and decoloration states of the layered film. (C) The UV-
visible diffuse reflection spectra of as-prepared layered films when the
weight percentage of SP-6 in the total surfactants was 30%, 70% and
90%. (D) The difference of reflectance at 550 nm between the
coloration and decoloration states of layered films when the weight
percentage of SP-6 in the total surfactants was 30%, 70% and 90%.

with 90% SP-6 was difficult to be peeled off from the nylon filter.
More importantly, the high spiropyran quantity magnified the
visual color contrast between the coloration and decoloration
states of the layered film as shown in Fig. 6A and B. Following
the increase of SP-6 weight percentage in the total surfactants
from 30% to 70% and 90% during the intercalation and exfo-
liation process, the difference between the reflectance of
coloration and decoloration states at 550 nm increased from
5.9% to 10% and 12.4%. This magnified visual photochromic
contrast might promote the potential application of photo-
chromic films.

3. Experimental
3.1 Synthesis of spiropyran-modified cationic surfactant

The spiropyran-modified cationic surfactant, 1'(6-triethy-
lammoniohexyl)-3’,3’-dimethyl-6-nitrospiro(2H-1-benzopyran-

2,2'-indoline)bromide (SP-6, Cj;,H4,N303Br), was synthesized
according to the ref. 32 and 38. The chemical structure was
shown in Fig. 1A. The final product was characterized by ‘H
NMR and mass spectroscopy (Fig. S3 and S4t). "H NMR (CDCl;)
6: 1.10 (3H, s, NCCCH ), 1.19 (3H, s, NCCCH ;), 1.28 (13H, t,
N*(CH,CH;), and N*(CH,),CH,CH,), 1.57-1.64 (2H, m,
NCH,CH,), 1.76 (2H, s, N*CH,CH ,), 3.04-3.13 (2H, m, NCH ,),
3.18-3.24 (2H, m, N*CH,), 3.36-3.43 (6H, m, N*(CH,),), 5.81
(1H, d, H3), 6.48 (1H, d, H4), 6.64 (1H, d, H8), 6.77 (1H, t, H6'),
6.91 (1H, d, H4), 6.99 (1H, d, H7'), 7.09 (1H, t, H5'), 7.88-7.93
(2H, m, H5, H7) ppm. Mass spectrum: m/z: 492.3 (C30H4,N305").

This journal is © The Royal Society of Chemistry 2019
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3.2 Synthesis of the photochromic layered film

The montmorillonite nanosheets were prepared by the inter-
calation and exfoliation of montmorillonites powders with an
ion exchange capacity of 120 mequiv./100 g (Nanocor, USA,
specific surface area: 15-20 m* g~ ') using our synthesized SP-6
and commercially available dioctadecyldimethylammonium
bromide (DODAB, Aldrich) in water.**** The quaternary
ammonium cations having spiropyran groups in SP-6 acted as
the photochromic units. The double octadecyl chains in DODAB
were used to improve the dispersion of exfoliated 2D nano-
sheets in chloroform and enhance the mechanical stability of
the photochromic film. Typically, 0.2 g of montmorillonite
powders, 51 mg of SP-6 and 119 mg of DODAB were stirred in
10 mL of water at 70 °C for 1 h. The weight percentage of SP-6 in
the total surfactants during the intercalation and exfoliation
process of montmorillonite was 30%. After cooling to room
temperature, the suspension was centrifuged at 2000 rpm. The
obtained precipitate was washed with 1:1 chloroform/
methanol, followed by being dispersed into chloroform to
form a suspension. The photochromic layered film was ob-
tained by a vacuum filtration of the suspension solution
through a nylon filter membrane (50 mm diameter and 0.45 pm
pore size, Shanghai Xinya Company, China). Without specific
explanation, a self-standing photochromic film was obtained by
peeling off it from the nylon filter after vacuum filtration.

3.3 Characterization

'H NMR was recorded on an Agilent 400 MHz NMR spectrom-
eter. The mass spectrum was obtained with an Agilent-1100 LC/
MSD mass spectrometer. The morphology of exfoliated mont-
morillonite 2D nanosheets was observed by a FEI JEM-1200EX
transmission electron microscope (TEM). The thickness of 2D
nanosheets was measured using Bruker Dimension Icon atomic
force microscope (AFM). The surface and cross-sectional
morphology of the stacked layered films were observed using
a FEI Quanta FEG 250 environmental scanning electron
microscope (SEM). An Ultima IV X-ray diffraction meter (Rigaku
Corporation, Japan) was used to determine the interlayer
spacing of layered film. The UV-visible absorption and diffuse
reflection spectra were recorded using a UV-3600 spectrometer
(Shimadzu, Japan). The Fourier transform infrared (FTIR)
spectra were measured on a Nicolet 6700 spectrometer
(Thermo).

3.4 Photochromic characterization

The photochromism of the SP-6 aqueous solution and the
layered film from the photoisomerization between the deeply
colored merocyanine (MC) and light yellow spiropyran (SP)
states was carried out by irradiation of visible light with an
irradiance of 100 mW cm 2 from a Xe lamp (Beijing Perfectlight
Technology Co. Ltd, China). The recovery to MC form was
achieved by irradiation of 365 nm ultraviolet (UV) light with an
irradiance of 10 mW c¢cm™? from a super-high pressure mercury
lamp (CHF-XM500, Beijing Trusttech Co. Ltd, China). The

This journal is © The Royal Society of Chemistry 2019
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corresponding absorption changes were characterized by the
UV-visible absorption and diffuse reflection spectra.

4. Conclusions

In summary, we have successfully fabricated a novel layered
photochromic film using montmorillonite 2D nanosheets
immobilized with spiropyran units. The nanosheets were
prepared by the intercalation and exfoliation of montmoril-
lonite using a synthesized spiropyran-modified cationic
surfactant and a commercial cationic surfactant with double
octadecyl chains in water. The spiropyran-modified quaternary
ammonium groups were immobilized on the surface of 2D
nanosheets by the cationic exchange during the intercalation
and exfoliation, which acted as the photochromic units. The 2D
nanosheets were stacked into a photochromic layered film by
a vacuum filtration, which demonstrated a remarkable and
reversible photochromic behavior.
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