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ABSTRACT

Organic photoswitchable molecules have struggled in solid-state form to fulfill their remarkable potential, in
terms of photoswitching performance and long-term stability when compared to their inorganic counterparts. We
report the concept of non-electron deficient host’s surface with optimal porosity and hydrophobicity, as a priori
strategy to design photoefficient organic solid-state photochromic materials with outstanding mechanical
robustness. It is realized by the nanoconfinement of photochromes in a host matrix possessing optimal porosity
and hydrophobicity. The resulting photochromic nanocomposites can be prepared in multigram scale employing
a one-pot reaction under ambient conditions. When exposed to a light stimulus including natural sunlight, the
photoswitchable nanocomposite powder changes color promptly and reversibly, in a matter of seconds (5 s and
30 s under UV irradiation and sunlight, respectively) along with excellent photo-fatigue resistance, which are on
a par with inorganic photochromes. Exemplars of commercially viable prototypes that are optically clear,
comprising smart windows, complex photochromic sculptures, and self-erasing rewritable devices, were engi-
neered by direct blending with resilient polymers. Notably, the use of high-stiffness polymers (Young’s modulus
> 2 GPa) is no longer considered an insurmountable challenge. Finally, photochromic films with anticounter-
feiting features could be manufactured through precision printing of nanocrystals by drop-on-demand inkjet
printing technology.

1. Introduction

growing in the industrial sector. For example, spiropyran (SP) molecules
are amongst the most versatile organic photochromic materials, whose

Inspired by nature’s large repertoire of biological processes, scien-
tists have developed stimuli-responsive smart systems constructed from
unique photochromic switches that can reversibly change color; this
field has recently attracted considerable scientific interest [1-7]. Con-
version of such photochromic molecules into continuum materials will
enable translation of stimuli-controlled nanoscopic changes to the
macroscopic scale [8-12]. In 1964, Corning (USA) marketed the first
photochromic ophthalmic lenses based on silver halide crystals [13],
and ever since, photochromism has been exploited to evolve into a
global multimillion-dollar industry [14]. Despite their prevalence in
scientific research publications, organic photochromic materials have
appeared far less in commercial applications although the field is
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geometry transforms from a closed-ring (nonpolar) form to an opened-
ring (highly polar merocyanine) form upon exposure to ultraviolet
(UV) light, while the reverse process can be triggered by visible light as
well as by a variety of other stimuli [15-20]. This intriguing reversible
visual color-switching ability provides numerous opportunities for a
variety of different fields, such as optoelectronic devices, data storage,
fiber optics, bioadhesive mediators, optical delay generators, and much
more [21-24]. However, the low efficiency and poor long-term stability
of such multifunctional SP molecules in the solid state have hindered
their commercial and industrial proliferations [14,25,26]. Recently,
encapsulation into a confined microenvironment of a porous solid state
material has been recognized as an effective strategy to markedly
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improve the chemical and physical properties of organic photo-
switchable molecules [27-32]. Nevertheless, the photoisomerization
process of such solid-state photoswitchable materials has specific chal-
lenges, and this significantly hampers their capability due to geometrical
constraints imposed by the solid state environment [33,34]. To this end,
the primary endeavor in the current research is to accomplish efficient
bulk photoresponsivity integrated in a robust solid matrix of nanoporous
materials, without compromising the remarkable molecular photo-
isomerization properties.

Metal-organic frameworks (MOFs) have recently become a consid-
erable hot topic for photoresponsive applications, owing to their vastly
tunable properties and porosity by design [35-40]. Photoresponsive
MOFs are primarily tailored for light modulated guest separation/stor-
age and conductivity applications [41-44], and increasingly for guest-
induced luminescent sensing [45]. Despite the fact that multiple at-
tempts have been made to improve the overall performance efficiency
and durability of photoswitchable SP molecules through encapsulation
inside the MOF cavity, the majority have suffered from a lack of intense
color changing features which are critical for real-world applications
[34,46]. Moreover, the majority of the porous photochromic materials
are insensitive to sunlight due to their low photochromic performance
efficiency [47,48]. Additionally, none of them satisfies or is nowhere
close to the inorganic commercial photochromic materials in terms of
both performance and long-term stability. Hence, a rational design
strategy for the selection of suitable MOF hosts is urgently needed for
sunlight-induced photochromism to meet the commercial/industrial
standards set for photochromic materials, but this has remained elusive.

In this study, we have judiciously engineered and harnessed the
microenvironment of a series of MOFs, where non electron deficient
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surface with intermediate hydrophobicity and optimal porosity offers
efficient solid state photoswitchable materials. The newly designed
photochromic fluorescent nanocomposites were systematically charac-
terized by a wide range of spectroscopic techniques to gain insights into
the materials in the bulk powder phase, as single crystals, membranes
and thin films. We demonstrate that intense color switching,
outstanding long-term stability, enhanced photo-fatigue resistance,
production scalability, along with efficient solution-like photochromic
response in the solid state are achievable using the proposed approach.
Specifically, we show that the optimal porosity provides enough room
for the geometrical transformation of the photochromic guest confined
in the MOF pore, while intermediate hydrophobicity enables fast
reversible switching and enhanced stability. Additionally, we have
fabricated commercial grade photochromic prototypes, for instance,
high-quality films, 3-D sculptures with complex geometries, smart
windows and self-erasing rewritable screens, using a mechanically stiff
polymer such as polystyrene (Young’s modulus, E ~ 4 GPa). Hitherto,
this was unattainable, due to poor performance when photoswitchable
molecules are combined with rigid polymers. Finally, to mimic practical
applications, alongside an assortment of prototype photochromic
sculptures, self-erasing rewritable surfaces, bare photochromic mate-
rials were inkjet printed at the nanometer scale on a wide range of
technical substrates for fabricating thin-film photoswitchable devices.

2. Results
2.1. Design of efficient photochromic solids

We have identified three photochromes: spiropyran (SP), nitro
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Fig. 1. Schematic illustration of a general design strategy comprising of pore size, surface hydrophobicity and surface electronic feature for high-performance
photochromic materials. Different prototype MOFs were used as host matrices for the encapsulation of organic photochromic spiropyran guest molecules. Here,
porous frameworks with a cavity size larger than the spiropyran guest are classified as ‘large pore’, while frameworks with a pore cavity smaller than the spiropyran
guest are termed as ‘small pore’. Three different organic photochromic guests coined as SP, NSP and 8NSP.
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spiropyran (NSP), and 8-methoxy nitrospiropyran (8NSP) as promising
spiropyran molecules for the organic photochromic guest. A variety of
MOF structures with different topologies and surface features was
screened as a host matrix, in accordance with the selection rules
depicted in Fig. 1, giving the best performing photoisomerization of the
encapsulated guest (Figs. S1-S8 and Table S1). In this work, UiO-67 and
MOF-808, UiO-67 and ZIF-8 for hydrophilic pore surface; ZIF-65, ZIF-68
and ZIF-70 for nitro-functional group containing pore surface; ZIF-71,
MAF-6 and ZIF-11 for hydrophobic pore surface, were interrogated as
a prototypal host matrix to construct photochromic guest@MOF com-
posites (Fig. 1). The photochromic composites with various ZIF hosts,
including ZIF-8, ZIF-11, ZIF-65, ZIF-71, and MAF-6, were fabricated at
room temperature using a straightforward single-step in situ confine-
ment methodology. Photochromic composites with other hosts such as
ZIF-68, ZIF-70, UiO-67, and MOF-808 were synthesised at high tem-
peratures using solvothermal reaction conditions (see SI for more

(on
8
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details).

We have proposed a generic design strategy for the identification of
an appropriate host matrix for development of efficient solid-state
photochromism. When the pore size of a MOF, specifically ZIF-11 with
a pore size of 14.6 A, is in close proximity to the size of the open-form
guest molecule, the performance of the transformation from a closed
to open form is hindered. Conversely, when the pore size is markedly
larger, such as in MAF-6 with a pore size of 21.6 A, the transformation
efficacy is reduced. However, when the pore size of a framework, such as
ZIF-71 with a pore size of 16.5 A, is intermediate in size, the trans-
formation performance from a closed to open form is notably enhanced
(Fig. 1). In this case, with an optimal pore size, i.e., pore size > open size
of the guest (Scheme S1), this configuration will facilitate the easy
switching of the guest molecule from closed to open form. Similarly, the
ring-opening process of NSP is significantly impeded when the hydro-
phobicity of the host frameworks is considerably increased, as evidenced
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Fig. 2. Powder sample characterizations of the NSP@ZIF-71(20) nanocomposite. (a) Schematic diagrams and reversible color switching of the open = closed forms
of the solid state photochromic material. 365 nm UV light was used for the color switching. (b) Different loading (wt.%) of NSP into the ZIF-71 host matrix. (c) PXRD
patterns of ZIF-71 and composites, derived from the small- (~50 mg) and gram-scale (~4 g) production of NSP@ZIF-71(20). (d) XPS survey spectra of ZIF-71,
NSP@ZIF-71(20) and NSP. (e) Photographs of NSP@ZIF-71(20), physical mixing of the NSP and ZIF-71, and NSP@ZIF-72(20). The NSP@ZIF-71(20) irradiated
with UV light for 5 s while physical mixture and NSP@ZIF-72(20) both were irradiated for 5 min. No distinct color change was observed in both ambient light and
under UV for the physical mixture and the NSP@ZIF-72(20) composite. (f) Far-infrared (farIR) spectra of NSP@ZIF-72(20) before and after UV irradiation. (g)
Synchrotron-radiation far-infrared (SR-FIR) vibrational spectra for the open and closed form of NSP@ZIF-71(20); insets show a magnified view of the highlighted
regions. (h) An enlarged view of Fig. 2e showing a peak shift at the strongest absorption band due to photochromic switching.
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by MAF-6 and ZIF-11 (Table S1). When the pore of the host displays
hydrophilic characteristics, the open configuration (polar) of the NSP is
stabilized within the frameworks as a result of hydrophilic-hydrophilic
interactions [49]. Therefore, achieving the optimal level of hydropho-
bicity is crucial for the effective performance of reversible photo-
isomerization (Scheme S1). The distinctive characteristics of ZIF-71
frameworks result in enhanced photochromic properties upon exposure
to sunlight, surpassing those of other photochromic materials derived
from MOFs. Furthermore, MOFs with electron-deficient pore surfaces
such as ZIF-65, ZIF-68 and ZIF-70 are not conducive to photochromism
generated by sunshine (Fig. 1 and Scheme S1). This is despite the fact
that, the pore size of ZIF-70 is relatively larger than the size of the
opened form of NSP molecules.

Fig. 2a shows the behavior of an efficient photochromic composite
comprising the ZIF-71 host matrix, which has an ideal cage size and
intermediate hydrophobicity to enable fast and reversible color
switching of NSP upon UV irradiation or sunlight exposure (Fig. S8); the
latter requires a greater sensitivity photochromic material. A maximum
loading of 30.4 wt% of NSP confined in ZIF-71 has been achieved for the
nanocomposite termed NSP@ZIF-71(20) (denoting 20 mM NSP guest
used during synthesis of the composite), revealed by 'H nuclear mag-
netic resonance (NMR) spectroscopy (see Fig. 2b, Figs. S9-S11 and
Table S2). The NMR study determined that a solitary NSP molecule is
enclosed within a mere 13.2 cages of the ZIF-71 framework in NSP@ZIF-
71(20) composites. As expected, this number further increases for other
composites with a lower guest loading, as shown in Table S2. Notably,
gram-scale production of NSP@ZIF-71(20) has been achieved in a facile
single-step reaction protocol at room temperature: such scalability is
crucial for commercial and industrial applications (Fig. 2c). The XRD
patterns of the composites matched the pristine MOF structure, indi-
cating the formation of a highly crystalline phase (Fig. 2c). Raman
scattering and Fourier transform infrared (FTIR) measurements were
performed to determine the local microenvironment of the composites
(Figs. S12-S16). The existence of the characteristic Raman peak for NSP
at 1577 ecm ™! in the composite confirms that NSP is embedded within
the microenvironment of the ZIF-71 matrix (Fig. S12). The characteristic
FTIR vibrational bands corresponding to NSP appear at 748.6 cm ™' and
1383.1 cm™?, revealing encapsulation of NSP inside the ZIF-71 host
matrix (Figs. S13-S16). Further, to gain detailed surface chemical
composition of the composite, X-ray photoelectron spectroscopy (XPS)
measurements were performed. Fig. 2d shows the appearance of a new
O1s signal in the XPS spectra, which can be assigned to the NSP mole-
cules in the composite material. The morphological features of the ma-
terials were examined by scanning electron microscopy (SEM) and
atomic force microscopy (AFM), see Figs. S17-S18. Depending upon the
reaction conditions used, either faceted micron-sized crystals (ca. 1-2
um) or small nanocrystals (ca. 50 nm) may be obtained. Several
controlled experiments were performed to determine the precise loca-
tion of the NSP guest within the ZIF-71 frameworks, specifically to
determine whether it was situated on the outer surface or within the
pores (Figs. S19 and S20). The physical mixture of NSP and ZIF-71
powders, used as a control sample, did not exhibit color change when
subjected to UV irradiation, as depicted in Fig. 2e. The outcome of this
study provides indirect evidence that the NSP molecules do not exist on
the outer surface of the NSP@ZIF-71(20) frameworks. No photo-
isomerization was observed in the photochromic composite after
transformation of porous ZIF-71 (NSP@ZIF-71) to its nonporous ZIF-72
(NSP@ZIF-72) analogue, thereby validating the indispensability of the
pore within the host MOF framework for the facile isomerization of NSP
(Fig. 2e,f) [50].

To correlate the (bulk) powder phase photoisomerization process, we
conducted density functional theory (DFT) calculations of NSP mole-
cules and compared the high-resolution synchrotron far-infrared (FIR)
vibrational spectra of nanocomposites (Fig. 2g,h and Figs. S21-523,
Table S3). The shifting of the terahertz (THz) collective modes of
NSP@ZIF-71(20) below 200 cm ™! (<6 THz) upon ring opening of the
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NSP guests revealed the dynamic nature of the host matrix (inset Fig. 2g)
[51]. Of note, a new characteristic vibrational band appears at 303.1
cm ! (~10 THz) due to the opened configuration of the NSP molecules,
while the existing vibrational band at 273.9 em! (8.21 THz) of the ZIF-
71 framework is red-shifted to 272.8 cm™! (8.18 THz) due to the strong
interaction between the host framework and the polar opened form of
the NSP guest (Fig. 2h). The experimental determination of new vibra-
tional bands at 202.5 cm™}, 445 cm™!, and 501 cm ™! after UV illumi-
nation is further evidence of the opened-ring merocyanine form of the
NSP guests (Fig. S21). All the characteristics vibrational bands are
assigned in Table S3.

2.2. Photoswitching of nano-sized crystalline particles

Near-field infrared nanospectroscopy (nanoFTIR) technique was
employed for the first time as a local probe to interrogate the photo-
isomerization of nano-sized crystalline particles of NSP@ZIF-71(20)
(Fig. 3a, Figs. $24-S27).

Here, nanoFTIR and scattering-type scanning near-field optical mi-
croscopy (s-SNOM) imaging provided us with the unique opportunity to
chemically pinpoint the host-guest interaction and reversible photo-
isomerization process of the photochromic NSP molecules at the nano-
scale (20 nm probing region) within the sub-micron crystal of the
composite where even single crystal instrument fails [52]. The obtained
s-SNOM optical phase images (Fig. S24) revealed that NSP is homoge-
neously distributed throughout the ZIF-71 crystals, without agglomer-
ation of the guests on the surface [53]. Upon UV irradiation of NSP@ZIF-
71(20), the nanoFTIR spectra show the appearance of three new
vibrational bands at 1391 em™!, 1607 cm ™! and 1672 cm ™!, while the
intensity of the vibrational peaks at 1105 cm™?, 1638 cm™! and 1662
cm™! decreased due to a transformation of the closed-form of NSP into
an opened merocyanine form which is polar (Figs. S25-527). The
vibrational band at 1130 cm™! splits into two distinct peaks at 1139
em ™! and 1118 em ™! upon UV exposure; an observation that is attrib-
uted to the collective bond vibration of the opened form, which was
attained by cleaving off the oxygen-containing six-membered ring of the
closed form (inset Fig. 3a).

UV-Vis diffused reflectance spectroscopy (DRS) revealed bath-
ochromic shifts in the presence of 365 nm UV light or sunlight, and
hypsochromic shifts occurring in the dark under ambient conditions
(Figs. S28 and S29, Table S4) (14). The distinct visual color change was
clearly noticed for the NSP@ZIF-71(20) powder within 5 s of UV illu-
mination or after 30 s of sunlight exposure, before reverting back to its
original color within ~ 2.6 min derived from the kinetics of fading
(Fig. S26b) under ambient conditions (or within 5 s at 50 °C). This
photoswitchable behavior indicates facile reversible photoisomerization
of the NSP confined in the ZIF-71 cavity (Fig. 3b). The spectral analysis
shown in Fig. 3b indicates a slight red shift, even in the absence of UV
irradiation. This phenomenon can be attributed to the material’s
elevated light sensitivity, which persists even under ambient lighting
condition. The solid-state composite demonstrates a higher rate of
switching when compared to the pristine NSP in solution state, despite
the latter being present in extremely low concentration (Fig. S30). This
is because of the perfect balance of porosity and hydrophobicity (Fig. 1),
as well as a low guest loading (Table S2) found in the ZIF-71 frame-
works. Using fluorescence spectroscopy, the open and closed forms of
the NSP@ZIF-71(20) nanocomposite were registered upon excitation at
365 nm and 530 nm, respectively, while these two forms remained in an
equilibrium state (isosbestic point) upon excitation at 430 nm (Fig. 3c,
Figs. S31-S36 and Table S5). The absolute photoluminescence quantum
yield (QY) of all the photochromic materials decreases upon UV irra-
diation (Tables S6-S9). The NSP@ZIF-71(20) nanocomposite powder
exhibits the fastest switching time (characterized from its coloration and
fading response), compared with other photochromic nanocomposites
synthesized in this work (Fig. 3d); these results demonstrate the general
applicability of the selection rules we proposed in Fig. 1.
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2.3. Mechanically resilient photochromic films

Pursuing real-world applications with these photochromic materials,
detailed photochromic studies on thin films were carried out using a
wide range of polymer matrices, such as PVDF (polyvinylidene
difluoride), PDMS (polydimethyl siloxane), PS (polystyrene), PU (poly-
urethane), acrylate, and PMMA (polymethyl methacrylate) (Fig. 4.
Figs. S37-547). In this work, we have performed in-depth photochromic
investigations of the NSP@ZIF-71(20)/PDMS and NSP@ZIF-71(20)/PS
systems due to its merits in the form of transparent films, efficient
photoswitching ability, and superior mechanical properties compared to
the other polymer matrices being tested herein (Fig. S37). We fabricated
several films with different loadings of photochromic material as a filler
to yield various film thicknesses, ranging from 12 to 2000 um utilizing
the doctor-blade technique (Figs. S38-543).

Remarkably, we established that a filler content as low as 1 wt% is
already sufficient to achieve an intense visual color change in the
presence of UV or natural sunlight (Figs. S39-541). Transparency of the
films was measured using transmission spectroscopy. Fig. S44 demon-
strates that by increasing the thickness of the films, the transparency of
the films decreases in comparison to the pristine PS films, despite the
fact that the filler loading remained constant for each film. Upon UV
irradiation, the characteristics of the merocyanine absorption maximum
appear at 576 nm in UV-vis DRS (Fig. S45a), further confirming the
open form of NSP molecules confined in the ZIF-71 host. Visual color
switching was observed within 5 s upon UV irradiation (PDMS film),

which will revert to its original state under ambient conditions within
120 s, as derived from the kinetics of color fading (t; 2 ~ 51 s) (Fig. S45).
We found this color switching performance to be faster than the tran-
sition time required for the bulk powder samples (Fig. 4a). Of note, the
photoswitching speed of both powders and film samples of the com-
posites are much higher compared with the bare NSP-embedded films
and solutions (see Fig. 4, Figs. S30 and S46). Significantly, the NSP@ZIF-
71(20)/PDMS films exhibit one of the quickest reversible photo-
isomerization in contrast with existing reported photochromic materials
based on porous materials and highest for MOF-based porous materials
(Fig. 4b—c, Tables S10 and S11) [14,46,54-57]. Although a few photo-
chromes exhibit fast reversible switching in films, their long-term sta-
bility and photostability remain unclear [58-61].

Production of high-quality photochromic films from MOF-based
photochromic materials is another challenging task in the field. This
issue can be resolved by employing a mechanically tough polymer ma-
trix. However, the majority of the organic photoswitchable molecules do
not exhibit photochromism after being combined with a mechanically
“rigid” solid polymer (stiffness defined by the Young’s modulus, E value
of above 2 GPa) [14]. Nonetheless, mechanically resilient materials are
essential for practical applications. We report for the first time that
polymer matrices with a high mechanical stiffness (e.g., polystyrene
(PS), E ~ 4 GPa) can also be engineered when the photochromic guest is
encapsulated first inside the porous ZIF-71 cavity (Figs. S48). The me-
chanical properties of the photochromic films were further examined by
the nanoindentation technique, so as to determine basic properties key
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Fig. 4. Film characterization and photostability of photochromic materials. (a) Time taken for visual color change of the different photochromic nanocomposite films
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(g) Reversible photochromic cycles (72 cycles) showing the photo-induced fatigue resistance of the NSP@ZIF-71(20)/PDMS film.

to commercial thin films (Figs. S48 and S49). The flat punch and Ber-
kovich indenters were used for the measurement of the mechanical
properties of NSP@ZIF-71(20) incorporated into PDMS and PS polymer
matrices, respectively. The elastic modulus (E) of the PS polymer de-
creases with an incremental amount of filler loading, where the stiffness
value fell from 4.6 GPa (neat PS) to around 4.1 GPa at 15 wt% filler
content (Fig. S48). This is a significant result because at present me-
chanically stiff polymers with E > 2 GPa will yield a poor photochromic
response [14] (vide infra). In terms of the viscoelastic (time-dependent)
mechanical response, the storage modulus (E’) of the polymer matrix
decreases with increasing amount of NSP@ZIF-71(20) filler, while the
loss modulus (E”) initially decreases with the incremental amount of
filler and reaches a minimum for 1 wt% (Fig. 4d). We hypothesise that
the nanoparticles hindering crosslinking during PDMS curing may be the
reason for the steady decline in storage modulus with higher filler
addition. It is well-established that the crosslinking density of thermoset
polymers directly relates to their mechanical stiffness [62]. On the other
hand, the loss modulus measures the dissipation associated with viscous
flow, which also decreases with filler loading (noting the larger un-
certainties). There is a slight rise in loss modulus at 5 wt%, this

corresponds to a higher loss tangent (Fig. S49) that may be attributed to
frictional effect ascribed to particle aggregates. For the 1 wt% compos-
ite, the loss tangent values stay the lowest across all tested frequencies.

2.4. Photo fatigue resistance

Despite the success in the synthesis of various photochromic mate-
rials, the insufficient long-term stability, photobleaching, and the low
recycling ability of organic photochromic materials are major barriers
that seriously impede their potential in real-world applications.
Although MOF-based photochromic materials are susceptible to low
fatigue resistance, this effect is not well explored. Fig. 4e depicts the
similar coloring rate as pristine materials over a period of several
months, demonstrating the long-term environmental stability. Photo-
bleaching tests were conducted by continuous exposure to an intense
365 nm UV light. Both the NSP@ZIF-71(20) powder and films have
retained more than 75 % of their initial emission intensity even after 36
h of continuous exposure to high-intensity UV irradiation, while the bare
NSP and physical mixing of the NSP and ZIF-71 samples rapidly
degraded within 5 h (Fig. 4f, Fig. S50). To the best of our knowledge, this
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is the first report concerning the photostability of NSP-MOF based
photochromic materials. Furthermore, no detectable photodegradation
was observed in the absorption intensity even after over 70 spontaneous
colorations and fading cycles for the photochromic films (Fig. 4 g,
Figs. S51-S52), validating the high photostability and robustness of the
composite materials to photo-induced fatigue (Fig. 4f). The thermal
bleaching test were conducted at a temperature of 50 °C. In the com-
posite materials, a protecting barrier around the NSP molecules is
formed, which serves to safeguard the NSP molecules by shielding them
from direct contact with external light, thereby diminishing the occur-
rence of photobleaching. Furthermore, MOF serves to restrict their
exposure to oxygen and the subsequent generation of reactive oxygen
species during photochemical reactions, thereby augmenting their
resistance to photo fatigue and prolonging the photostability of the
molecules. It is noteworthy to mention that, our materials significantly
outperform other photochromic materials comprising all types of porous
frameworks including MOFs, COFs and cage in terms of the highly
reversible photoswitching performance, unprecedented photo fatigue
resistance and long-term stability, rendering the NSP@ZIF-71 material a
strong contender for deployment in commercial and industrial settings
[46].

UV light~5s
/ Sunlight ~ 30 s

Dark < 3 min
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2.5. Real-world applications

A variety of well-defined smooth and crack-free prototype photo-
chromic sculptures were successfully fabricated by blending 1 wt% of
NSP@ZIF-71(20) into a PDMS or PS polymer matrix to imitate the
production of commercially viable photochromic components (Fig. 5
and Figs. S53-S55). The solid sculptures visually switch color within 5 s
and 30 s upon irradiation by 365 nm UV light and sunlight, respectively.
Subsequently, these materials could revert to their original color in the
dark within 3 min at room temperature (Fig. 5a), and this trans-
formation time is as good as commercial-grade inorganic photochromic
materials [14]. In this work, a prototype of a large optically clear
photochromic window and rewritable device were fabricated by
blending 1 wt% of NSP@ZIF-71(20) with the PS polymer. The photo-
chromic window changes color instantly when exposed to natural sun-
light for a few seconds and will return to its original color in less than a
minute in darkness (Fig. 5b, Movie S1). In another exemplar case, by
illuminating a collimated 365-nm laser pointer on the rewritable device
(see Movie S2), this instantly generates high-contrast handwriting or
drawings that are swiftly erasable within minutes. Additionally, the
devices made from the PS films are readily re-dissolved and recycled,
which may reduce polymer waste and expand the life cycle of

by s

Sunlight~10's

Dark <1 min

C
Piezoelectric—»
printhead
<—Nozzle
ZA o )
<«—80 ym inner Ambient light UV light Ambient light UV light
diameter p
Y ©
Sunlight Sunlight
f~ 500 g s000 h 5000
€ —Before scratch
£ 5 Layers 20 Layers 40 Layers
8 =—During scratch
& 2504 3000 25004
5 = After scratch
w
°)
£ o4 04 04
€
Q
£
8 -250- -3000 4 -25004
5
L
2 5004, : : -6000 : : 50004 : :
0 100 200 300 0 100 200 300 0 100 200 300

Scratch distance (um)

Scratch distance (um)

Scratch distance (um)

Fig. 5. Fabrication of different photochromic sculptures, transparent window, and emblems using the NSP@ZIF-71(20) nanocomposite. (a) Various photochromic
sculptures were fabricated by blending 1 wt% of NSP@ZIF-71(20) with PDMS (top) and PS (bottom) polymer matrices. These sculptures readily switch their color in
the presence of either 365 nm UV light or natural sunlight. (b) 20 x 15 cm? NSP@ZIF-71(20)/PS based photochromic window with a nominal thickness of ca. 350
um. (c) An illustration of the inkjet printing technique. (d) Photographs of 2 layers of a butterfly image printed on a glass substrate. (e) Photographs of 2 layers of
butterfly image printed on a PET substrate. When exposed to UV and sunlight, the printed image on both the glass and PET substrates changes color within just 5-10
s. Displacement and scratch distance data from a 1 mN nanoscratch ramp-load test by the plough mode over a scratch distance of 200 um, on (f) 5 layers, (g) 20
layers, and (h) 40 layers of inkjet-printed NSP@ZIF-71(20) film on a glass substrate. Black, red, and blue traces corresponding to the initial surface scan, linear ramp
scratch, and residual profile scan after tip unloading, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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engineered components.

Finally, piezoelectric-driven drop-on-demand inkjet printing was
used for the precision coating of the bare nanocomposite materials on
different substrates to create prototype photoswitchable printed films
(Fig. 5c-e and Figs. S56-572, see SI for details of the deposition method)
[63]. The photochromic nanocomposites were homogeneously printed
on a wide range of engineering substrates, such as silicon wafer, indium
tin oxide (ITO)-coated flexible acetate sheets, glass substrates, PET
substrates, and ITO-coated glass substrates, ranging from 50 nm to 2 um
in film thickness (Figs. S57-574). AFM characterization revealed that
the thickness of each layer of bare NSP@ZIF-71(20) film was around
30-50 nm, which is in good agreement with the height of each nano-
crystal of the composites (Figs. S17, S63-566). Fig. 5d and 5e demon-
strates the 2-layer thickness of a butterfly emblem inkjet-printed on glass
and PET substrates, respectively, showing their ability to spontaneously
switch color subject to either UV irradiation or sunlight (Figs. S67-S69).
The printed photochromic film is invisible when viewed against the
white PET substrate in ambient light, but it becomes visible promptly
under UV/sunlight, demonstrating its potential use in anticounterfeiting
technology (Fig. 5e, Figs. S70-71). The materials adhesion to the sub-
strate is a crucial parameter for commercial applications, and it was
investigated for the first time for any photochromic materials based on
porous frameworks, in these inkjet-printed samples on a glass substrate
by systematic nanoscratch experiments accompanied by topographic
characterizations (Fig. 5f-h, Figs. S73-S74, see the characterizations and
physical measurements section in SI for more details) [64].

The scratch test revealed that as the inkjet-printed film thickness
increases, the roughness of the film decreases while the material cohe-
sion interaction is improved (Figs. S73-S74). In the scratch test for the 5-
layer film, the indenter has already reached the substrate and the elastic
recovery is attributed to the substrate; while for 40 layers, there is no
elastic recovery because the indenter has just scratched the surface of
the films (Fig. S73). Additionally, we also observed that chipping is the
failure mechanism, and this is related to the cohesion of the nanocrystals
of the photochromic materials (Fig. S74). The results suggest there is
scope to tailor the mechanical resilience of the photochromic films and
its fracture toughness by tuning the number of printed layers and thus
modifying the film-to-substrate interactions for specific applications.

3. Conclusions

In summary, we have developed a set of easy-to-implement material
selection rules, never before established in the porous materials domain
including MOFs, for designing and engineering high-performance
porous photochromic solids. Structural, optical, chemical, and me-
chanical characterizations have been systematically performed using a
suite of multimodal techniques to elucidate the detailed behavior of the
newly developed photochromic materials, from bulk powders to single
crystals, and from polymer membranes to nanocrystalline thin films.
Resilient solid-state photoswitchable materials have been fabricated and
comprehensively studied, which have outperformed other NSP-based
photochromic materials incorporating porous frameworks (e.g., MOFs,
COFs, cages) in terms of their reversible photoswitching performance,
photo fatigue resistance and long-term stability. Paving the way for
advanced optical technologies, we have demonstrated the production of
3 D sculptures with complex geometries, smart window panels, and self-
erasing rewritable screens by straightforward blending of mechanically
stiff polymers (e.g., polystyrene) with NSP@MOF composite materials.
Piezoelectric-driven drop-on-demand ink-jet printing was also shown
for the first time to build MOF-based photochromic applications, by
fabricating nanostructured films on a range of technical substrates for
potential deployment in anticounterfeiting technology.
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