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Mechanochromic Luminescent (ML) ML
Dye with Rapid Self-Erasing Properties
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ABSTRACT: Mechanochromic luminescent (ML) materials, which show a change in emission due to an applied mechanical
stimulus, are useful components in a variety of applications, including organic light-emitting diodes, force sensors, optical
memory storage, and next-generation lighting materials. While there are many different ML active derivatives, few show room
temperature self-erasing. Thin films of the methoxy substituted f-diketone, gbmOMe, initially exhibited blue (428 nm) emission;
however, green (478 nm) emission was observed after smearing. The mechanically generated smeared state recovered so rapidly

13 that characterization of its emission was difficult at room temperature using traditional luminescence techniques. Thus, a new
14  complementary metal oxide semiconductor camera imaging method was developed and used to calculate the decay time of the

15 mechanically generated smeared state (i.e., smeared-state decay; 7gy) for gpmOMe thin films. Additionally, this method was used

16 to evaluate substrate and film thickness effects on ML recovery for glass and weighing paper films. The recovery behavior of
17 gbmOMe was largely substrate-independent for the indicated matrixes; however, thickness effects were observed. Thus, film
18 thickness may be the main factor in determining ML recovery behavior and must be accounted for when comparing the recovery

19 dynamics of different ML materials. Moreover, when heated above the melting point (T, = 119 °C), bulk gbmOMe powders
20 assumed a metastable state that eventually crystallized after a few minutes at room temperature. However, melted thin films
21 remained in an amorphous state indefinitely despite annealing at different temperatures (S0—110 °C). The amorphous phase was
22 identified as a supercooled liquid via changing the rate of cooling in differential scanning calorimetry thermograms.

23 KEYWORDS: mechanochromic luminescence, self-healing, camera RGB image analysis, supercooled liquids

2« l INTRODUCTION The methoxy-substituted dinaphthoylmethane derivative
25 Difluoroboron f-diketonate (BF,bdk) materials are noted for (dnmOMe) showed solvatochromism and AIE in addition to

26
27
28
29
30
31
32
33
34
35
36
37
38
39

their unique optical properties in both solution and the solid
state.' > Many BF,bdk derivatives show room temperature
phosphorescence (RTP) in poly(lactic acid) (PLA) matrixes
and can be used to quantify oxygen in biological systems.*™
Additionally, BF,bdk materials exhibit mechanochromic
luminescence (ML) with spontaneous recovery’ as well as
aggregation induced emission® (AIE) and solvatochromism.”
These diverse properties coupled with their straightforward
synthesis make this family of boron dyes potentially useful for
numerous applications such as mechanical sensors, next-
generation light sources, display technologies, security inks,
and biological probes.'’™"° Similar to their boronated counter-
parts, unique solution and solid-state optical properties have
also been observed in boron-free f-diketone (bdk) materials.'”

v ACS Publications  © Xxxx American Chemical Society

high contrast ML with rapid spontaneous recovery.'®
Furthermore, because f-diketones, including methoxy-substi-
tuted derivatives, show large molar absorptivities and photo-
stabilities, they have been screened and used as UV absorbing
additives in sunscreens.'’

Successful integration of bdk dyes into commercial
applications requires a thorough understanding of structure—
property relationships and material processing parameters (e.g,,
temperature, thickness, and substrate). Prior reports describe
the effects of alkyl chain length,mo halide substitution,>" arene
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size,”> and even BF, coordination on the optical and room
temperature self-healing properties of ML materials."® Sub-
stitution of stimuli responsive materials with different donor
and acceptor groups is also an common strategy for modulating
solid-state ML properties such as emission wavelength,
intensity, and spontaneous recovery.”>">® For example, alkoxy
substitution modulates solution and solid-state optical proper-
ties through electronic properties and control of molecular
packing.”’~* Recently, Sket et al,, showed that the ML active,
methoxy-substituted BF,bdk 1-phenyl-3-(3,5-dimethoxyphen-
yl)-propane-1,3-dione can be crystallized as uniquely emissive
polymorphs whose formation is partially governed by the
different conformations of the methoxy substituents.”’ Addi-
tionally, selective methoxy-substitution can induce intra-
molecular charge transfer (ICT) in certain bdk dyes, which
has been correlated with the solvatochromic and phosphor-
escent properties.'”*” Literature precedent combined with the
abundance and variety of commercially available starting
materials makes methoxy substitution a good strategy for
tuning the optical and ML properties of bdk materials. Thus, in
this study, we employed methoxy substitution to modulate the
emission and self-recovery properties of a bdk dye. Though the
tetramethoxy-substituted dibenzoylmethane, 3-hydroxy-3-(4-
methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-one
(gbmOMe) was synthesized and evaluated previously as a
sunscreen additive, ” the stimuli responsive solid-state proper-
ties of gbmOMe have yet to be reported.
OH O
_O X
SO SW
o\
gbmOMe

Material processing parameters such as temperature, dye—
substrate interactions, film thickness, and repeated smearing
also influence ML properties. The thermal properties of
luminophores are important both for fabrication and because
the mechanically triggered changes in optical properties are
often the result of temperature-dependent crystalline-to-
amorphous phase transitions.”*> For example, amorphous
melt quenched thiophene and furan substituted BF,bdk
derivatives showed red-shifted emission compared to their
emission in the crystalline state.”” Thus, it is possible to access
the amorphous phase of these materials via thermal or
mechanical stimulation. Similar optical properties were
observed for a triphenyl amine (TPA)-based material reported
by Mizuguchi et al, which showed rapid ML recovery of a
green-yellow emissive state that was produced via melting and
cooling to room temperature in addition to smearing.> The
identity of this emissive melted state was determined to be a
supercooled liquid with red-shifted emission resulting from a
twisted intramolecular charge transfer (TICT) state. Addition-
ally, Kim et al. observed a high contrast change in emission for
an alkylated diketopyrrolopyrrole due to shear-triggered
crystallization of a thermally stable supercooled liquid state.*®
The phase transition was attributed to a small Gibbs free energy
difference between the crystalline and the supercooled liquid
state. Such changes in emission were even activated by small
forces associated with live cell attachment. This example
demonstrates an application for thermally stable amorphous
solids, namely, as cell force sensors. Yet, despite their potential
for optical and optoelectronic uses®”** and for improving the

solubility of various active pharmaceutical ingredients and
excipients,” supercooled liquids are relatively rare.

Compared to temperature, relatively little is known about
how film thickness, dye—substrate interactions, and repeated
smearing affect ML recovery properties. This may be due in
part to the relative scarcity of RT self-healing systems.
Furthermore, certain fast recovering ML dyes such as diketones
are incompatible with standard room temperature fluorimetry,
given they recover faster (seconds to minutes) than the time
required to record a spectrum. On the other hand, slow self-
erasing ML systems are inconvenient to monitor given intensity
changes little over long time periods, and subtle substrate and
film thickness effects could be imperceptible. Additionally,
standard characterization often averages emission intensity over
relatively large sample regions and does not account for
localized differences in ML recovery. Alternatively, techniques
that excite locally do not provide good spatial resolution of ML
recovery processes. To address some of these challenges and
obtain 2D spatiotemporal information on ML recovery as a
function of substrate, thickness, and smearing, we developed a
video camera method to monitor the intensity decay of
individual pixels over time. Previously, we employed this
camera imaging technology to track photostability, oxygen-
dependent lifetime,*” and intensity® of BF,bdkPLA phosphor-
escent materials. This method not only allows for investigation
of recovery dynamics of gbmOMe thin films averaged as a
whole but also provides a spatially resolved means of evaluating
localized recovery effects associated with the smearing process.
Structural and stimuli responsive properties of gbmOMe were
also investigated using powder and single crystal X-ray
diffraction, differential scanning calorimetry (DSC), and
through excitation and emission spectra recorded at room
temperature and 77 K.

B EXPERIMENTAL DETAILS

Materials. Solvents THF and CH,Cl, were dried over molecular
sieves activated at 300 °C as previously described.*' Reactions were
monitored using silica TLC plates. Compounds purchased from
Sigma-Aldrich were reagent grade and used without further
purification. The pf-diketone 3-hydroxy-3-(4-methoxyphenyl)-1-
(3,4,5-trimethoxyphenyl)prop-2-en-1-one (gbmOMe) was synthesized
as previously described.”

Methods. 'H NMR (600 MHz) spectra were recorded in dilute
CDClI; using a Varian VRMS/600. Spectra were referenced to the
signals for residual protio-CDCl; at 7.26 ppm and coupling constants
were recorded in Hz. UV—vis spectra were collected on a Hewlett-
Packard 8452A diode-array spectrophotometer. Steady-state fluores-
cence emission and excitation spectra were obtained on a Horiba
Fluorolog-3 Model FL3-22 spectrofluorometer (double-grating
excitation and double-grating emission monochromator). Time-
correlated single-photon counting (TCSPC) fluorescence lifetime
measurements were performed with a NanoLED-370 (4, = 369 nm)
excitation source and a DataStation Hub as the SPC controller.
Lifetime data were analyzed with DataStation v2.4 software from
Horiba Jobin Yvon. Solid-state quantum yield measurements were
acquired using a F-3029 Quanta-® Integrating Sphere purchased from
Horiba Scientific and analyzed using FluorEssence software.
Fluorescence quantum yields, ¢, in CH,Cl, were calculated versus
a dilute quinine sulfate solution in 0.1 M H,SO, as a standard using a
previously described method* and the following values: @ quinine
sulfate in 0.1 M sulfuric acid = 0.54;* npy** 0.1 M H,SO, = 1.33; np*
CH,Cl, = 1.424. Optically dilute CH,Cl, solutions of all samples were
prepared in 1 cm path length quartz cuvettes with absorbances <0.1
(au). ML emission was observed by applying a constant, gentle
pressure via a cotton swab or a Kimwipe against glass and weigh paper
films. Powder XRD patterns were obtained using a Panalytical X’Pert
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Pro MPD diffractometer operating at 40 kV and 40ma using Cu Ka
radiation. DSC was performed on the pristine powders using a TA
Instruments DSC 2920 Modulated DSC, and data were analyzed using
the Universal Analysis software v2.3 from TA Instruments. Thermo-
grams were recorded using the standard mode while heating at a
constant rate of 10 °C/min. The cooling rate was changed as indicated
for different measurements but was held constant throughout a given
heating/cooling cycle.

Crystallographic Information. Crystals for single crystal XRD were
grown by vapor diffusion of hexanes into ethyl acetate. Data collection
was performed using a Bruker Kappa Duo CCD diffractometer at
—120 °C with Mo Ka radiation. Crystal data for gbmOMe:
orthorhombic space group Pbca; a = 17.7840(19); b = 7.5472(8); ¢
=7.5472(8) A; p=90° Z = 8, V = 3393.2(6) A%. The structure was
solved by the charge flipping method of the Bruker SHELXTL
program and refined to an R = 0.0475 using 5976 reflections with I >
20(I).

Preparation of Thin Films. Bulk powder films for ML character-
ization were fabricated on weigh paper substrates by smearing ~2 mg
of sample across the entire surface with a Kimwipe. Drop cast films
were prepared by adding 20 drops of gpmOMe/THF solutions (0.090
and 0.018 M) to 3” X 1” weigh paper and glass microscope slides.
Spin-cast films were made using a Laurel Technologies WS-650S spin-
coater and applying 20 drops to glass microscope slides rotating at
3000 rpm. Both spin-cast and drop cast samples were dried under
vacuum for 20 min prior to annealing at 75 °C for 10 min. Green
emission remained after annealing, so films were gently smeared with a
Kimwipe followed by annealing at 75 °C for another 10 min to
produce uniform blue emission.

Smeared State Decay Measurements. Spontaneous smeared
emission decay measurements were performed at room temperature
using a PGR GS3-U3-41C6C-C video camera with a complementary
metal oxide semiconductor chip capable of 90 frames per second
(FPS) at a maximum resolution of 2048 X 2048 pixels. The camera
was also equipped with a Spacecom f/0.95 S0 mm lens and an
Edmund Optics 425 nm long pass filter to minimize excitation
background. The camera was operated with a Lenovo W530 laptop
connected via a USB 3.0 cable. Point Gray FlyCap2 software was used
to record videos of smeared glass and weigh paper films, and the data
were analyzed using a custom MATLAB 2014b program. The camera
was placed approximately 0.5 m above the sample, which was
illuminated with a 100W Black-Ray B-100AP/R lamp at 365 nm
located ~10 cm above the sample. Videos of recovering samples were
recorded using a frame rate of 1 frame per second (fps), and the
intensity of the green channel was monitored over time. The initial
intensity of the green channel due to sample emission prior to
smearing was subtracted from each pixel before fitting data to a double
exponential decay, and the pre-exponential weighted lifetime was
reported. Photostability measurements were performed using the same
experimental setup as recovery measurements and irradiating the
sample continuously for 4 h while monitoring the pixel intensity every
S min.

B RESULTS AND DISCUSSION

Optical Properties in Solution. The $-diketone gbmOMe
was synthesized via Claisen condensation of ester and ketone
building blocks as previously described.” The optical properties
of gbmOMe were measured in dichloromethane solution
(Figure S1, Table S1). UV—vis spectra reveal an absorption
peak (1) at 365 nm with a molar absorptivity of 64 000 M~
cm™. Though the solution appeared nonemissive to the eye
due to a very low quantum yield (® = 0.01%), a peak was
detectable at A, = 427 nm in the steady-state emission
spectrum.

Solid State Thermal Properties. To achieve high color
contrast, mechanochromic luminescent materials are typically
processed by thermal annealing to produce an ordered emissive
state. Smearing then generates a red-shifted amorphous state.

However, qualitative screening of the thermal properties of 240
gbmOMe not only revealed differences between bulk solid and 241
thin film samples but also showed new phenomena. As a bulk 242
powder, gbmOMe glowed light blue (4., = 453 nm, ® = 5.1%) 243
under UV irradiation. When the powder was heated above the 244
melting point, a melted (MT) viscous green emissive phase 24s
formed (Ayr = 481 nm, ® = 10.0%). Crystallization of this 246
melted phase occurred within a few minutes after the heat 247
source was removed to yield a blue-emissive solid. However, 248
similar crystallization was not observed for melted thin films of 249
gbmOMe. Instead, the green emissive state persisted upon 250
cooling. Powder XRD patterns further confirmed that bulk 251
gbmOMe is crystalline and MT thin films are amorphous, as no 252
peaks were observed in the diffraction pattern for the latter 253
samples (Figure S2). This relative difference in thermal stability 254
of the MT phase for bulk powder and thin films may indicate a 255
thickness dependence on the crystallization rate of melted 256
gbmOMe. 257

The thermal properties of gbmOMe were further inves- 258
tigated using differential scanning calorimetry. The sample was 259
heated at a constant rate of 10 °C/min while the rate of cooling 260
was varied for each cycle (Figure 1). Each cycle was performed 261 f1
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Figure 1. (a) DSC thermograms of consecutive heating/cooling cycles
of gbmOMe with varying cooling rates (ramp rate: 10 °C/min). (b)
DSC thermograms of gbmOMe cooled to different minimum
temperatures (ramp rate: 10 °C/min).

in succession to probe the thermal history. Thermograms show 262
that gbmOMe melts at 119 °C regardless of cooling rate. When 263
cooled faster than 1 °C/min, crystallization was not observed 264
for the duration of the cooling cycle; however, crystallization 265
was observed upon subsequent heating. When the rate was slow 266
enough (1 or 0.5 °C/min), crystallization could be seen during 267
the cooling cycle. These results indicate that the difference in 268
thermal stability of the green amorphous state of gbmOMe as a 269
bulk melt compared to melted thin films could be due to 270
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Figure 2. Images of gbmOMe thin films (4., = 365 nm) (a) on glass in the melted phase (MT) under ambient (left) and UV light (right) at room
temperature; (b) on glass in AS, TA, and SM states at room temperature; and (c) on WP films in AP and MT states. Emission spectra of gpmOMe
films (4, = 369 nm) on (d) WP and glass at room temperature and (e) WP at 77K.

271 differences in the cooling rates when samples are quenched
272 (i.e., cooled) in air.

273 To gain further insight into the identity of the green emissive
274 state, successive DSC scans of gpmOMe were run while varying
275 the minimum cooling temperature from 25 to —20 °C (Figure
276 1b). When a relatively fast constant rate of heating/cooling (10
277 °C/min) was used to prevent crystallization of gbmOMe, all
278 scans that were cooled to a sufficiently low temperature showed
279 a glass transition temperature (T, = 2 °C). Combined with the
280 cooling rate-dependent crystallization, the presence of a clearly
281 defined T, could indicate a supercooled liquid state for rapidly
282 cooled gbmOMe above T, that becomes a glass at lower
283 temperatures.

284 Mechanochromic Luminescence. In addition to thermal
285 responsiveness, changes in solid-state emission of gbmOMe
286 thin films can also be produced mechanically. Thin films of
287 gbmOMe were investigated on both glass (G) and weighing
288 paper (WP) substrates (Figure 2, Table S2). Glass films were
289 fabricated by spin coating dilute (0.018 M) dye/THF solutions
29 on microscope coverslips. In the as spun (AS) state (i.e., after
291 solvent evaporation), gbmOMe films on glass were locked into
292 a transparent state that glowed green (4,5 = 499 nm) under UV
203 light and qualitatively resembled the melt phase. This
204 transparency is atypical given that as spun films are often
295 opaque.””’ Typical thermal annealing of BF,bdk or bdk
296 samples involves heating below the melting temperature
297 followed by cooling to produce a maximally blue-shifted state.
208 However, this process was insufficient to anneal gbmOMe
299 films, which showed no change in emission and remained in the
300 transparent green emissive state after heating and cooling.
301 Instead, gpbmOMe films on glass were heated at 75 °C (below
32 Ty, = 119 °C) for 10 min, followed by cooling to room
303 temperature, then gentle smearing with a Kimwipe. After ~1 h,
304 blue emissive films formed. To speed up the processing, after
30s smearing, films were again heated at 75 °C for 10 min followed
306 by cooling to produce an opaque, blue emissive, thermally
307 annealed (TA) state (Ap, = 428 nm) (Figure 2d). It is possible
308 that perturbation of the amorphous phase via smearing induced
300 gpmOMe nucleation to form the crystalline TA phase.
310 According to their corresponding XRD pattern, TA thin films

on glass were crystalline, and AS films were amorphous (Figure 311
S2). Smearing of TA films produces green emission (Agy = 478 312
nm) that self-recovers over the course of a few minutes (Figure 313
2, Table S2). 314

Mechanochromic luminescence properties of gbmOMe were 315
also investigated on weighing paper for ready comparison with 316
many previous studies.”””> Thin films were prepared by 317
smearing a small amount of ghmOMe (~2 mg) across a 318
piece of weighing paper. The as prepared (AP) WP film glowed 319
blue (Axp = 428 nm) under UV exposure, and smearing 320
produced green emission that rapidly regained its original blue 321
color (~30 s). Unlike most other ML samples, thermal 322
annealing is not required to produce the maximally blue-shifted 323
state. Recovery happens rapidly and spontaneously. Recovery of 324
smeared WP films was so rapid that an emission spectrum in 325
the SM state could not be obtained at room temperature given 326
that the green smeared emission disappeared faster than the 327
time required to perform the measurement. 328

The self-healing properties of BF,bdk ML materials have 329
been previously ascribed by Ito et al, to the thermal back 330
population from the amorphous phase to the crystalline state.” 331
In order to slow the rapid recovery of gbmOMe WP films and 332
observe them in the SM state, the optical properties of WP 333
films were measured at 77K (Figure 2e, Table S3). Films in the 334
SM state were produced by rubbing the sample, followed by 335
immediate submersion in liquid N, Excitation spectra were also 336
recorded to probe the different emissive species that exist in 337
AP, MT, and SM weigh paper films (Figure S3). The peak 338
emission of smeared films (Agy; = 454 nm) at 77K falls between 339
the slightly red-shifted peak emission of melt films (Ayr = 463 340
nm) and the blue-shifted peak emission of films in the AP state 341
(Aap = 429 nm). The relative proximity in peak emission and 34
their similarly broad emission profiles indicate that the smeared 343
and melt states of WP films contain similar emissive species. 344
However, a shoulder corresponding with the emission of AP 345
films is also visible in the spectrum of the smeared film. This 346
suggests that SM gbmOMe samples are comprised of both 347
green amorphous and blue crystalline emissive species. This is 348
further supported by the excitation spectra monitored at the 349
peak emission of each film. The excitation spectrum of the SM 350
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sample contains features of AP and SM films. Incomplete
conversion of the sample to the amorphous state upon
smearing or rapid partial recovery before immersion in liquid
nitrogen may explain the presence of blue and green emissive
states in the smeared WP film. On the basis of the optical
characterization, the mechanically produced color changes
observed in gbmOMe films on both glass and WP substrates
appear to be produced by the same emissive species.

Structural Characterization. X-ray diffraction studies were
performed to gain insight into crystallinity and molecular
packing. As previously described, powder XRD patterns of bulk
gbmOMe and thermally annealed (TA) glass films indicate that
crystalline species produce blue emission and that green
emission results from amorphous states (i.e., MT and AS). To
further investigate the solid-state emission and intermolecular
interactions, single crystals were grown by vapor diffusion of
hexanes into a concentrated EtOAc solution of gbmOMe. The
emission spectrum of the crystals is similar that of other
material forms with blue emissive states; however, the peak
emission of the crystal (A = 452 nm) is red-shifted relative to
emission of WP films at room temperature (4,p = 429 nm).
The difference in emission profiles could indicate the presence
of multiple phases in WP films (Figure S4).

According to the crystal structure, gbmOMe adopts a mostly
planar conformation. However, the methoxy group in the 4-
position of the trimethoxy substituted phenyl ring is out of
plane, which can be attributed to steric crowding by the
neighboring methoxy substituents (Figure 3). Despite the

a) . e

b) [ ;. L2 .

Figure 3. (a) Crystal structure of gpmOMe from top (left) and side
(right) view. (b) View highlighting C—O---H—Ar and C—H--O = C
interactions in gbmOMe crystals (interaction distances: (1) m-OMe:
2.711 A; p-OMe: 2.416 A; (2) 2:2.667 A) and intermolecular distances
(green line; 5.334 A). (c) Unit cell of gbmOMe.

presence of a hydroxyl group in gbmOMe, no intermolecular
hydrogen bonding is observed. In fact, the only interactions
influencing the crystal packing are C—H---O—C, C—H---arene,
and weak C—H--H—C van der Waals interactions. For
example, multiple C—O-+-H—Ar interactions (1) between
oxygen atoms of meta-(m-OMe) and para- (p-OMe) methoxy
groups of the trisubstituted arene ring and aryl hydrogens of an
adjacent dye are observed (interaction distances: m-OMe:
2711 A, p-OMe: 2416 A) Additionallyy C—-H--O = C

interactions (2) are also observed between hydrogen atoms
of methoxy groups on the monosubstituted ring and the ketone
moiety of neighboring molecules (distance: 2.667 A) (Figure
3b). Examination of the unit cell shows that gbmOMe
molecules are arranged in a herringbone configuration with
no evidence of face-to-face or offset dimers often observed for
ML active bdk-based materials.””*” The intermolecular distance
was estimated between neighboring dyes using centroids
calculated for the trimethoxy substituted rings of each molecule.
As evidenced by the large intermolecular distance (5.334 A),

71— interactions were not observed. This may be the result of 398

out-of-plane methoxy substituents in gbmOMe preventing 7-
stacking and other strong associations linked with dimer
formation in similar bdk systems.***” These groups may also
play a role in more rapid recovery.

Camera Characterization of Mechanochromic Lumi-
nescence Recovery. The ML behavior of glass and weigh
paper films is similar; however, there is a large difference in
their recovery times. All samples show blue to green ML, but
the smeared emission of WP films vanishes much more quickly
compared to that of smeared samples on glass. Film thickness,
substrate, or other fabrication effects may be involved. In fact,
the rapid recovery of gbmOMe provides a good handle for
investigation given the intensity of the SM emission changes on
a convenient time scale for measurement.

A camera method was developed to monitor intensity
changes during mechanochromic luminescence recovery in
gbmOMe films. Specifically, a video was recorded immediately
after smearing, and the intensity decay of the smearing induced
color changes was monitored for each pixel. The green channel
of the camera was used, given significant overlap between its
quantum efficiency and the emission profile of the smeared
state. Furthermore, the green channel specifically captures the
smeared state given that emission from the thermally annealed
state does not tail into this region (Figure S5). The smeared-
state decay for each pixel (ie., recovery lifetime, 7z) was
determined using Matlab by fitting the intensity to a double
exponential decay and calculating the pre-exponential weighted
lifetime (Figures S6 and S7). Using the 7 for each pixel, a
spatially resolved colormap was generated for each video,
depicting the smeared region decay process on glass and WP
substrates (Figure 4a). By computing the mean 7y across a
region of interest in the colormap, calculation of the average
smeared-state lifetime (zgy;) is possible, and processes on WP
and glass samples may be compared.

To validate the camera method, it is important to consider
other decay pathways that could affect the intensity of emission.
For example, continuous UV irradiation for the duration of the
video recording could result in photobleaching. To ensure that
the photodegradation of gbmOMe does not significantly
contribute to the intensity decay, a video of gbmOMe WP
films was recorded under constant UV illumination. The
intensity change of the green channel was measured for films in
AP and MT states given both crystalline and amorphous species
are present during the smearing process (Figure 4b). For the
photostability control experiment, films were irradiated for over
3 h, which is much longer than gbmOMe recovery on both WP
and glass substrates. Films typically recover (i.e., show little
change in emission) within seconds (WP) or a few minutes
(glass) after smearing. During the course of the 3 h
photostability measurement, the intensity of crystalline AP
films decreased by ~20%, whereas amorphous MT films
showed only a slight decrease in intensity (5—10%) over the
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Figure 4. (2) Initial frame from the video of a smeared gbmOMe glass
film (left) and the corresponding colormap for the smeared intensity
decay process (right). The colormap was generated from the pre-
exponential weighted lifetimes of the double exponential fit associated
with the intensity decay of the green channel for each pixel (7). A
region of interest (black rectangle) was defined to calculate the average
lifetime of the smeared state (zgy). (b) Photostability experiments
showing intensity over time of continuously illuminated weigh paper
films in the AP and MT states (4., = 365 nm).

same time period. Inspection of photostability data for shorter
time frames typically used to monitor smeared emission decay
(i.e., minutes) revealed that intensity differences were
imperceptible. These results indicate that photodegradation is
minimal and should not interfere with methods utilizing
intensity to calculate smeared emission decay, Tgy.

Sample thickness effects were investigated by three different
approaches. Namely, films were prepared by different common
methods (i.e., surface application of the solid, drop casting, and
spin-casting), by varying the sample loading within a given
method (e.g, spin-casting from solutions of different dye
concentrations), and by repeated smearing, which removes
some sample with each iteration. An initial investigation was
conducted to get a rough idea of how these different
approaches affect smeared-state decay and to screen for
differences. Afterward, a more detailed study was conducted
for glass films, and results are presented below.

Films for initial screening were prepared in the following
ways. Glass films were prepared by two methods. Thicker glass
films were made by drop casting from a concentrated
gbmOMe/THF solution (0.090 M) and evaporating in air
(G1). Thinner films were produced via spin-casting from the
same concentrated (G2) and more dilute (0.018 M) solutions
(G3) (note: the fabrication procedure for G3 is the same as
that used to make films for ML studies on the glass above).
Thicker weigh paper films were fabricated by spreading bulk
gbmOMe powder (~2 mg) across the substrate (WP1;
standard fabrication procedure for weigh paper ML films
above), and thinner films were made by drop casting from the
same concentrated (WP2) and dilute (WP3) solutions that
were used to produce glass films. Then, glass and WP gbmOMe
thin films were repeatedly smeared in the same region, and 7y,

was calculated for up to ten smearing/recovery cycles (Figure
5).
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Figure 5. Smeared-state decay (7gy) of repeatedly smeared gpmOMe
thin films on (a) 3” X 1” weigh paper and (b) glass substrates (zgy =
smeared-state decay (7y, per pixel) averaged over a region of interest).

With the exception of G3, most films show comparable
smeared-state decays (zgy < 100) regardless of substrate and
smearing cycle. Data for WP films shows that 7gy; fluctuates
randomly between 32 and 52 s regardless of the fabrication
method (Figure Sa). This fluctuation may simply be due to the
noise that can be expected in the fabrication and smearing
process. To assess this, the 7y values for all WP samples were
averaged (Tgy = 41.2 s), and the standard deviation was
computed to be ogy = 6.0 s. Comparison of gy data for G1
and G2 reveals similar smeared-state decays though G2 and in
particular shows a slight upward trend with each smearing cycle
(GI: cycle 1 = 55 5; cycle 10 = 68 s; G2: cycle 1 = 36 s; cycle 10
= 84 s) (Figure Sb). For G3, however, the thinnest glass film,
this effect is much more dramatic. After the first cycle, gy is
already roughly double that of G1 and G2 (e.g,, G3 7g = 98 s;
G1 7gy = 55 s) and increases significantly with each smearing
(i.e., thinning) cycle. After the fourth cycle (zgy = 266 s), the
signal intensity was too low for reliable camera detection, so
data were no longer recorded. These results point to a film
thickness effect upon smeared-state decay and a possible
threshold, below which larger decay times are detected. While
Tgy represents an average for an entire 2D region of interest,
greater resolution is achieved with colormaps, which display
smeared-state decays on a pixel-level scale (7). Colormaps
associated with both weigh paper (Figure S8) and glass films
(Figure S9) show that regions with longer lifetimes are more
prevalent in films that are thinner (i.e., initially, upon repeated

483 £5
484 f5

smearing or due to localized smearing effects at the center of 512

the sample).

Differences between weigh paper and glass samples may arise
from substrate or thickness effects, initially or upon repeated
smearing. Though G1 and WP2 were drop cast from the same
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initial solution, cycle 10 smeared-state lifetimes are slightly
longer on glass (zgy = 68 s) than weigh paper (zgy = 48 s).
Furthermore, the colormap of G1 after the tenth cycle shows
well-defined regions with large 7z that are not present in
colormaps corresponding to WP2. These findings indicate that
the dye likely interacts with cellulose paper fibers differently
than with SiO, glass. Furthermore, qualitative observations
suggest that more sample is removed from hard glass surfaces
than from paper with each smearing cycle; additionally,
smearing on paper may cause the dye to penetrate into the
fibers and be somewhat more resistant to removal with
mechanical perturbation. These substrate differences may help
to explain why films on paper retain their reversible quality for
longer despite similar preparation and treatment as films on
glass.

To test whether weigh paper films also reach a point at which
Ty values begin to increase, WP films with initial thicknesses
smaller than those of WP1—WP3 were fabricated by spin-
casting from a 0.018 M solution. Though spin-casting is
somewhat unconventional for paper substrates, it nonetheless
addressed challenges associated with drop casting dilute dye
solutions, which still produced relatively thick films after
evaporation due to the amount of solvent needed to cover the
entire sample. After spin-casting and annealing at 75 °C,
heterogeneous films were obtained that were thin at the centers
and thicker at the edges, as confirmed by colormap histograms
with bimodal distributions (Figure S10). Though a thickness
gradient was observed, these films allow monitoring of the
distribution of smeared-state decays on the same surface. After
the first smearing/recovery cycle, the colormap showed regions
with longer recovery lifetimes (7z) where the sample was
thinnest compared to the thicker edges that recovered more
quickly (Figure 6). The colormaps for subsequent smearing/

a) b) Cygl;z_:lr Cy;lez C¥d63

: s 100
80
60

(s)

40
20

; - & Iy 0

Figure 6. (a) Images of spin-cast gbmOMe films on WP under
ambient light (left) and UV irradiation (right). (b) Spatially resolved
colormaps of repeatedly smeared spin-cast gpmOMe on WP (4, =
365 nm).

recovery cycles show the erosion of the thicker regions of the
sample and a general trend toward longer smeared-state decays.
Furthermore, the smeared-state decays (ie., calculated from
recovery lifetimes 7y for a region of interest that encompasses
both thicker and thinner regions) for each of the cycles (zgy =
66 s for cycle 1; 7gy = 79 s for cycle 2; 7gy = 83 s for cycle 3)
were significantly longer than those observed for bulk and drop
cast WP1—WP3 films (35 < 7gy < S5 s). Not only does this
clearly demonstrate thickness-dependent recovery on weigh
paper substrates, it also shows that differences in ML recovery
behavior can be used to evaluate relative film thickness in a
given heterogeneous sample.

According to the initial studies, it is clear that the recovery
dynamics of gbmOMe thin films are dependent on sample

thickness. Smeared-state decays increase with decreasing film
thickness, and quite dramatically so for the thinnest samples.
To investigate these effects more systematically using a single
common film fabrication method and substrate, gpmOMe thin
films of variable thickness were prepared via spin-casting from
stock solutions of different concentrations (C1 = 0.090 M; C2
=0.072 M; C3 = 0.054 M; C4 = 0.036 M; CS = 0.018 M) on
glass. This range is bracketed by concentrations used to
fabricate G1 and G3 films above. Multiple films were prepared
from each solvent, and the relative film thickness was estimated
by measuring the absorption spectrum of each film in the AS
state and using the peak absorption (A, = 363 nm) and Beer’s
Law to calculate the corresponding path length of each film
(Figure S11). Films in the AS state were used to determine
relative initial thickness due to their transparency; TA films are
opaque and incompatible with this measurement method given
scattering effects. Approximate thicknesses were calculated
relative to the thinnest film such that the maximum thickness
was over eight times greater in the initial AS state. On the basis
of the absorption spectra, some deviations in thickness were
observed when spin-casting from stock solutions of the same
concentration. This was especially evident for films fabricated
from solution C1. Samples spin-cast from concentrated
solutions produce less reproducible film thicknesses, which
account for multiple points per concentration in Figure 7b.
After annealing, each film was smeared in three separate
locations with a cotton swab for finer control (Figure 7). Then,
Tgy Values for each smeared region were averaged to quantify
the recovery dynamics for a given film (Figure 7b) (mean gy =

592

Tgu)- This approach provides insight into the reproducibility of so3

smeared-state decay values for regions of comparable thickness.

The representative colormaps for films of different initial
thicknesses, T1—TS, produced via spin-casting from different
solvents, C1—CS5, show a narrow distribution of smeared-state
decays within each smeared region (Figure 7). A relatively
narrow range of Tgy values (26—41 s) was observed for all but
the thinnest samples (max 7gy = 120 s), which corresponds to
an 87% decrease in initial thickness compared to the thickest
sample. Furthermore, most samples showed very little variation
in Tgy; regardless of the region being sampled; however, the
thinnest samples showed the most significant deviation (e.g,
TS, SM1). Despite the relatively large error bars associated with
data for the thinnest samples, Ty, was still significantly longer
compared to thicker film decays. The trend toward longer Ty,
for thinner films is additional evidence of a thickness effect in
gbmOMe glass films, and here, too, it appears that a critical
thickness threshold must be reached before thickness effects are
detected and smeared-state decays noticeably increase.

To gain further insight into a possible thickness threshold,
the regime where smeared-state decays change most dramat-
ically, another set of films with varying initial thicknesses, T6—
T10, was prepared using the same method as described above.
These films were further thinned by repeated smearing for five
cycles (Figure 8). As expected, regions of longer smeared-state
decay (7gy > 100 s) developed and grew as the sample was
continuously smeared. For thinner samples, these areas became
pronounced after fewer cycles. This trend is illustrated by
comparing the two extremes. For the thickest sample, T6, red
colored regions with elevated recovery lifetimes started to
develop only after cycle 4. However, for T10, the thinnest
sample, longer recovery lifetimes were observed beginning with
the first cycle. Additionally, as T10 was repeatedly smeared, the
size of the longer recovering red region increased such that it
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Figure 7. (a) Representative recovery lifetime (7g) colormaps of spin-
cast gbmOMe thin films on glass with different initial thicknesses
fabricated via spin-casting from different concentration stock solutions.
Relative thicknesses were calculated from absorption spectra of each
film. Three different regions of each film (SM1, SM2, and SM3) were
smeared with a cotton swab to assess reproducibility of smeared-state
decays without changing initial thickness due to sample removal.
Thicknesses T1—TS represent films spin-cast from progressively more
dilute stock solutions (C1 = 0.090 M; C2 = 0.072 M; C3 = 0.054 M;
C4 = 0.036 M; CS = 0.018 M). (b) Mean smeared-state decays (Zgy,)
as a function of relative thickness. Error bars represent one standard
deviation from the mean Tgy; for each sample and indicate smearing
and thickness variations within a given film. Multiple films were made
from each stock solution, which produced films with slight variations
in initial thicknesses.

encompassed nearly the entire film after the third recovery
cycle. After five smearing cycles, larger 7gy values were
observed for all samples regardless of initial film thickness;
however, the increases in gy, are less significant for the thickest
sample. One potential explanation for this deviation is that the
thickness of T6 has not yet reached a critical region even after
five smearing/recovery cycles. As observed for the first cycle, a
general upward trend was observed with decreasing initial
thickness until a maximum smeared-state decay (zgy = 104 s)
was measured for T10. Coupled with the results for the
colormaps, these trends in 7gy provide further evidence that the
smeared-state decay is highly dependent on the film thickness
of gbmOMe.

Experiments indicate that 7g, is relatively insensitive to
thickness effects until a critical threshold is reached. This is
evidenced by the small deviations in 7gy that were observed
until a requisite amount of gbmOMe was removed, and films
with smaller initial thicknesses show longer 7y values (Figure
9). One potential explanation for this apparent thickness
threshold is that sample—substrate interactions become more
significant for thinner films and slow ML recovery. Thus, a

Relative
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Figure 8. Spatially resolved smeared-state decay colormaps of
repeatedly smeared spin-cast gbmOMe thin films with varying
thicknesses on glass substrates. Samples were smeared with a Kimwipe
for 2 s to aim for consistent sample removal for 5 smearing/recovery
cycles. T6—T10 represent films spin-cast from progressively more
dilute stock solutions (T6 = 0.090 M; T7 = 0.072 M; T8 = 0.054 M;
T9 = 0.036 M; T10 = 0.014 M).
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Figure 9. Smeared-state decay (zgy) versus relative initial thickness of
smeared gbmOMe glass films after one and five smearing/recovery
cycles.

certain amount of sample must be removed from thicker films
before accessing an interfacial regime where substrate
interactions can be observed. It is also possible that the
material morphology changes in thinner films. Given that ML is
a solid-state property, a certain particle size and number and
arrangement of molecules is likely required in the extended
array to observe rapid reversibility. The thinnest of samples
explored in this study may reach the limits of this regime for
gbmOMe.

B CONCLUSION

Stimuli responsive gbmOMe has many interesting thermal and
mechanochromic properties. As a thin film, gbmOMe forms a
thermally stable supercooled liquid phase when melted and
subsequently cooled at ambient temperature. Yet, when the
bulk dye is cooled at room temperature, a metastable
supercooled liquid state is formed, which eventually recrystal-
lizes after a few minutes. Mechanochromic properties include a
blue to green shift in emission upon smearing along with rapid
ML recovery at room temperature. This presents a unique
handle for evaluating the performance of self-recovering ML
materials by a new camera method. The intensity decay of each
pixel (ie., recovery lifetime, 7z) was used to generate a spatially
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resolved colormap of the recovery process. When averaged over
a region of interest, smeared-state decay values 7gy were
calculated and provided a means of comparison between
different sample preparations, substrates, and film thicknesses.
Findings with thicker films illustrate the potential of gbmOMe
as a dynamic “renewable ink” with the ability to recover even
after repeated use. Thin films of gbmOMe, however, showed
thickness-dependent smeared-state decays on both glass and
WP substrates, but significant fluctuations in recovery behavior
were observed only in the thinnest films investigated, indicating
that a critical thickness must be reached before gbmOMe films
lose full reversibility. Kim et al. showed that quantitative force
measurements yield reliable results for uniform films but are
unreliable for molecular solids with heterogeneous coverage.*
These results show, however, that smeared-state decays
obtained from camera analysis are quite reproducible even
with a qualitative smearing method. Particularly for fast
recovering ML systems, films of similar thickness on identical
substrates must be used to accurately compare and quantify
recovery in ML materials. Additionally, threshold effects may
well vary for different reversible ML dyes and substrates and
should be identified in each case. Future studies with
functionalized surfaces may provide additional insight into the
origin of substrate effects and new methods for modulating ML
recovery. For certain applications, it may be desirable to
generate films that can fully recover after many smearing/self-
erasing cycles. Methods that greatly hinder or prevent sample
removal and a reduction in sample thickness would be
important. Other dye—substrate combinations and protective
coatings that do not significantly affect ML color change and
recovery behaviors are avenues worth exploring.
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