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Mechanochromic luminescence (ML) refers to the luminescence color and/or intensity change of solid-
state materials induced by mechanical perturbations. For organic molecular solids, this phenomenon is
related to the specific packing modes and orientations of individual fluorophores, which could give rise
to different excited-state interactions. The molecular solids of difluoroboron dibenzoylmethane
(BF>dbm) derivatives were previously found to exhibit reversible ML at room temperature and are
promising as self-healing optical materials. In this report, we aim to shed some light on the mechanism
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of BF,dbm ML by trying to understand the excited-state interactions among solid-state BF,dbm
molecules and elucidate how these interactions change upon mechanical stimulation. We first
investigated the optical properties of monomeric, dimeric, and polymeric BF,dbm derivatives in
optically dilute solutions and demonstrated unambiguously that BF,dbm moieties have a propensity to
form H-aggregates. Next, we studied the physical properties of these boron complexes in the solid state
including their crystal structures, fluorescence emissions, and mechanochromic luminescence. By
correlating solution data with the solid-state characterization results, it was concluded that two coupled
processes, force-induced emissive H-aggregate formation and energy transfer to the emissive H-
aggregates, are responsible for the observed BF,dbm ML in the solid state.

1. Introduction

For organic molecular materials, the organization of the building
blocks through non-covalent bonds determines the macroscopic
properties of such systems.' A classical example is the formation
of J- and H-aggregates, where blue- and red-shifts in absorption
spectra are caused by a mere variation in the slippage angle of the
same stacked molecules.> When external stimuli are introduced,
it is possible to switch the molecular organization from one form
to another.* As reported by Yi and co-workers,® the hydropho-
bicity of a naphthylimide—cholesterol coating may be altered by
ultrasonic irradiation, resulting from the so called T-gel to S-gel
phase transition. This apparent water repellency change occurs
due to the adoption of a new preferential bonding mode at the
molecular level. As the most fundamental power source,
mechanical force may also be employed to harness new proper-
ties from molecular assemblies.* For example, mechanically
changing the molecular organization of fluorescent species can
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generate a drastic alteration in the emission color and/or inten-
sity, which is one of the known causes for piezochromic or
mechanochromic luminescence (ML).* Other mechanisms of
mechanochromism may involve breakage of covalent bonds such
as the force-activated spiropyran to merocyanine reaction.”
Studies on ML not only concern apparent applications such as
monitoring material deformation and stress,® but also help in the
understanding of excited-state interactions which are important
for optoelectronics and solar energy research.’ In the past few
years, many ML molecules have been reported based on chem-
ically distinct core structures.'® The advantage of molecular ML
materials is that their response typically does not involve the
breaking of chemical bonds and is therefore reversible, by
thermal or solvent treatment in many cases. This allows for
repeated application of force and makes them useful fluorescent
responsive materials. For example, one of the early studies based
on gold(1) thiouracilate complexes, reported by Eisenberg,'* that
mechanically induced an intense emission could be attributed to
the change in aurophilic interactions. Also based on Au
complexes, Ito and coworkers'™ reported that the fluorescence
emission of (CgFsAu),(u-1,4-diisocyanobenzene) complexes
turns from blue to yellow upon grinding and the ML process can
be reversed by solvent treatment. Pure organic ML materials
were previously reported by Sagara and Kato,'™ who synthe-
sized liquid crystals with polyaromatic hydrocarbon cores such
as pyrene or anthracene. The emission intensity and color of
these solid state molecular ensembles can be conveniently tuned
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by mechanical force and heating to achieve dual-colored or even
tri-colored luminescence.

Organoboron compounds!! are also of particular interest as
fluorescent materials. With potential commercial relevance, a
boron-sunscreen complex difluoroboron avobenzone (BF,AVB)
was demonstrated to possess reversible ML with a dramatic
emission color change from green-blue to yellow under shear
force."” The original green-blue fluorescence can be restored by
simple thermal treatment. It was found later that many of the
difluoroboron dibenzoylmethane (BF,dbm) derivatives can
exhibit ML in the solid state.!®> However, no conclusive mecha-
nisms were provided given the difficulty in interpreting solid-
state spectra, which are highly prone to self-absorption and light
scattering.’ In this article, we attempted to conduct a thorough
investigation of the BF,dbm ML mechanism: when the BF,dbm
crystals/solids are subjected to mechanical force, what and how
relevant processes are involved in changing the emission color?

To answer this question, one must first understand the excited-
state interactions among BF,dbm moieties in the solid state.
Experimentally, a common strategy to circumvent self-absorp-
tion and scattering from solid-state samples would be to spatially
confine two or more fluorophores and study the photophysical
properties of these confinements in dilute solution. Using cova-
lently linked dimers is a popular strategy since it is simple to work
with.> However, dimers do not fully reflect the complex envi-
ronment of the solid state samples, especially after mechanical
force application. Polymers, on the other hand, can serve as a
bridge from dimers to solid-state systems.'® Polymers can be
molecularly dissolved in solution and unambiguous optical
spectra can be obtained. They can also be fabricated into
nanoparticles, which are solid-state in nature but can be largely
immune to self-absorption and light scattering as well.’” In this
study we shall employ both solution and nanoparticle dispersion
of BF,dbm-containing polymers to help identify the excited-state
interactions among BF,dbm dyes in the solid state.

To study the dynamic process of ML, one must also elucidate
the excited-state interactions before and after mechanical stim-
ulation. Crystal structures of BF,dbm monomers can help
predict excited-state information prior to force application. (To
avoid confusion with polymer chemistry, the term “monomer” in
this study refers to the complex with a single BF,dbm moiety.) By
correlating information obtained from BF,dbm randomly
orientated polymeric aggregates (e.g., nanoparticle dispersion),
post-mechanical-force interactions can be inferred since initially
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ordered crystals tend to become amorphous based on previous
studies.'®'*!* Shown below, BF,dbm complexes 1-3, D1, and P1
are the monomeric, dimeric, and polymeric derivatives chosen as
the model system in the present study.

2. Results
2.1 Synthesis

The syntheses of all three monomeric BF,dbm derivatives are
similar, as shown in Scheme 1, by using methoxy- and allyloxy-
substituted acetophenones and methyl benzoates. The ketone and
ester pairs are refluxed in dry THF for ~48 h to yield the
corresponding diketones, which are then chelated with boron
trilfluoride in CH,Cl, at room temperature to afford bright green-
yellow crystals 1-3 after recrystallization from CH,Cl,-n-hexane.
The purity and composition of the products were verified with 'H
NMR and HRMS, respectively (ESIT). To prepare the linked
dimer D1 and polymer P1, polycondensation reaction was carried
outin toluene at ~105 °Cunder N,. Hydrosilylations of the boron
dye and 1,1,3,3-tetramethyldisiloxane (TMDS) at 2 : 1 and stoi-
chiometric ratios for D1 and P1, respectively, were catalyzed by
H,PtCly (0.05%). D1 was purified by silica gel chromatography
and was verified by '"H NMR and HRMS. For P1, the resulting
gummy solid resulting from toluene evaporation was re-dissolved
in CH,Cl, for methanol precipitation to remove the monomer and
catalyst. The final polymer precipitate was obtained as a yellow
powder. P1 was first examined with 'H NMR spectroscopy in
CDCls, and the characteristic vinyl proton resonance peaks
usually found at around 6.05 and 5.40 had completely dis-
appeared, instead the methylene proton signal at 0.62 (CH,-Si)
was observed. No peak at ~17 ppm (enol proton of the diketone)
was seen, confirming that the methanol precipitation process did
not cleave the boron complex to form a diketone, as BF,bdk
complexes are conditionally sensitive towards protic solvents.'®
The polymer molecular weight was determined by GPC (M, =
11 900 Da, PDI = 3.80), showing a broad distribution typical of
polycondensation/hydrosilylation reactions.

2.2 Optical characterization in solution state

In dilute CH,Cl,, complexes 1-3 exhibit almost identical
absorption spectra (An.x = 412 nm, Fig. 1) characteristic of

1.0 J11.0
_ 081 Ho.8 ;_
3
s £
g 064 106 §
§ £
g 0.4+ {04 8
a s
<
0.2 J0.2 g
2
0.0 0.0

T T T T T T u
300 350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 1 Absorption and normalized emission spectra of the boron
complexes, indicated by the arrows in the order of 1-3, dimer D1, and
polymer P1 in CH,Cl,. Inset: photo showing the deep blue and white
fluorescence emission of 1 (left) and P1 (right) in dilute CH,Cl, under UV
excitation (Ao, = 365 nm).
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strong T—7t* transitions (emax ~ 8 x 10* M~! em™!). For the

BF,dbm dimer D1, the absorption maximum remains the same
as those of 1-3, varying only in the relative intensity of a shoulder
at ~390 nm. The BF,dbm-containing polymer P1 however,
exhibits a blue-shifted absorption maximum at 391 nm in addi-
tion to the 412 nm peak. The steady-state emission spectra for all
the boron complexes were also collected in CH,Cl, (Fig. 1). As
expected, 1-3 have almost indistinguishable spectra mostly in the
blue region (Aey, = 437 nm, @ = 0.93, 0.90, 0.95 for 1-3). For D1
and P1 however, despite their unaltered emission maxima at 437
nm, an additional lower energy shoulder was observed at around
550 nm. As a result, unlike the deep blue emission from monomer
1, the dilute solution of polymer P1 in CH,Cl, exhibits a white-
colored photoluminescence (PL) to the naked eye under UV
irradiation (Fig. 1 inset). The excitation spectra monitored at 550
nm for D1 and P1 are also distinctly different from that moni-
tored at 440 nm (Fig. S1 and S27): for both D1 and P1, the blue-
shifted absorption at 391 nm results in emission at 550 nm but a
red-shifted absorption at 412 nm corresponds to fluorescence
emission at a much shorter wavelength (437 nm).

Fluorescence lifetimes of these boron complexes in CH,Cl,
were measured as well. 1-3 have almost the same single-expo-
nential decay of ~1.68 ns. Although the emission band at 437 nm
of D1 and P1 can almost overlap with those of 1-3, the fluo-
rescence decay profiles of D1 and P1 at 440 nm are quite
different. D1 has a pseudo single-exponential decay of 1.34 ns but
P1 is fitted to a triple-exponential decay with a pre-exponential
averaged value of 1.29 ns. When monitored at 550 nm, the life-
time of D1 and P1 (39 and 40 ns) is much longer.

2.3 Optical characterization of the P1 nanoparticle dispersion

We also investigated the photophysics of BF,dbm dye aggregates
in the form of nanoparticles so that optical distortions remain
non-problematic while its solid-state properties are retained. As a
result, the investigation of the nanoparticles links the solution
characterization results to those in the solid state. Polymer P1 in
acetone (BF,dbm concentration 1 x 107> M) was fabricated into
polymeric nanoparticles with an intensity-average hydrodynamic
diameter of 54.4 nm and a size polydispersity of 0.088 as deter-
mined by DLS, (Fig. S37)."® The nanoparticle dispersion has a
greenish yellow fluorescence emission under UV light and
exhibits a Gaussian-shaped emission spectrum (A, = 545 nm).
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Fig. 2 Normalized excitation and emission spectra of P1 nanoparticle

dispersion in water; inset: photo of the nanoparticle dispersion under UV
light (A.x = 385 nm, excitation monitored at 550 nm).

When monitored at around the emission maximum (550 nm), the
excitation spectrum resembles the absorption of P1 in CH,Cl,
with a slightly more blue-shifted maximum at 384 nm (Fig. 2).

2.4 Crystal structures of monomers 1-3

To seek structure—property relationships of BF,dbm dyes in the
solid state, single crystal XRD measurements were performed.
During a period of six months, we were unable to obtain single-
crystals for D1, probably due to the dynamic nature of the
flexible linker and the increased freedom of motion. For
complexes 1-3, upon crystallization, minor difference in the
carbon number or saturation of the alkyl chain leads to
conspicuous variations in crystal packing. Although 3 is a known
compound, crystal structures were solved for all three complexes
given this class of molecule has been found to possess multiple
polymorphs depending on the crystallization conditions.’*> We
did not identify more than one polymorph in this experiment
when single crystals were obtained by n-hexane diffusion into
CH,Cl, at room temperature.

Fig. 3 shows the unit cell packing of each of the three
complexes 1-3. Consistent with previous studies, the BF,dbm
backbones are rather rigid and mostly planar.’>' All three
crystals are monoclinic with space groups of Cy/c, P., and Cylc
for 1-3, respectively. The BF,dbm complexes all adapt to an
anti-parallel packing manner (i.e., the BF, moiety points to the
opposite direction compared to the BF, group on the nearest
neighbor) and significant w—7 stacking is noticed for 1 and 3. For
3, the diketone ring lays above the phenyl ring of its nearest
neighbor at a distance of 3.54 A.

Weak interactions including ArH---F, OCH---F, CH=CH:--
O, CH:--HC, C=C:---0 are identified in these molecular systems
(Fig. S4t). Specifically, ArH---F interactions occur in a
symmetric fashion involving both fluorine atoms on the BF,
moiety and two hydrogen atoms from the 2 and 2’ positions on
the phenyl ring in complexes 1 and 3. The two fluorine hydrogen
bonds distances are 2.628 and 2.664 A for 1 and 3, respectively.
These fluorine hydrogen bonds alternate between adjacent
molecules and propagate along one dimension. For 2 however,
one boron molecule directly interacts with eight neighboring
molecules (versus two in 1 and 3) through multiple weak inter-
actions (O---CH=CH, CH:---HC, C=C---O) in addition to
ArH---F hydrogen bonding, which is the only form of interaction
in the case of 1 and 3. In 2, only one fluorine is involved and the

Fig. 3 Illustration of unit cell packing for boron dye single crystals 1-3.
Hydrogen atoms are omitted for clarity.
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dual hydrogen bonding (H---F---H) consists of one hydrogen
atom from the allyloxy group (ArOCH:---F) and the other from
the phenyl ring (ArH---F) (Fig. S47F). They are 2.470 and 2.572 A
away from the fluorine atom, respectively. This combination of
interactions causes the allyl group to bend towards the contact-
ing fluorine atom and increases the B-F bond by 0.033 A
compared to the other B-F bond (that does not participate) and
by 0.025 A compared to the B-F bond in 1 (that forms a mono
ArH---F contact). Detailed crystal data are also provided (ESI,
Tables S1-S217).

2.5 Photophysical properties in the solid state

Given that most BF,dbm derivatives exhibit reversible ML,'13
namely that their emission spectra spontaneously recover over
time after mechanical perturbation, it is problematic to record
ML spectra on a FluoroMax spectrometer since collecting a
decent emission spectrum typically takes 3—5 min over the visible
range while many BF,dbm dyes have ML recovery timeframes
shorter than a few minutes.'* To solve this problem, an optical
fiber attached to a linear CCD-array spectrometer with 25 ms
integration time equipped with an built-in LED excitation
module (Ax = 385 nm) was mounted to the sample holder of a
fluorescence microscope. In this setup, fluorescence micrographs
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Fig. 4 Photos of 1-3, D1, and P1 solids on microscope slides with glass
covers under UV light. Left: the solids were gently moved by the glass
covers; right: the solids were repeatedly pressed hard. The plots at the
bottom show the emission spectra of each solid before (left) and after
hard pressing (right).

and their corresponding spectra in small regions could be
obtained simultaneously, minimizing sample heterogeneity
problems. In this section, to avoid problems associated with
instrumentation discrepancy, all fluorescence spectra were
recorded with the array spectrometer.

Under a fluorescence microscope (Ax = 405 nm), needle-sha-
ped, sheet-like, and thick needle crystalline species were observed
for 1-3, respectively (Fig. S5t). The dimer D1 appeared as an
irregular polycrystalline solid. Among complexes 1-3, the single
crystals of complex 2 exhibit the most narrow and blue-shifted
fluorescence emission (Apax = 500 nm, tx = 1.54 ns, Fig. 4)
compared to 1 (Apax = 505 nm, 7 = 4.35 ns) and 3 (Aax = 509
nm, g = 2.87 ns), whose spectra are red-shifted and broadened
in the lower energy region. The polymer solids have a broad and
structureless spectrum at 554 nm (tg = 24.2 ns) while that of the
dimer solids (Anax = 511 nm, 7 = 8.92 ns) is an intermediate
between the monomers and the polymer.

2.6 Mechanochromic luminescence

Like many BF,dbm derivatives, ML was observed in 1-3 and D1
(Fig. 4 photos). When the crystals of 1-3 and solid D1 were
sandwiched between microscope glass slides and covers, 2 and 3
left bright yellow streaks on both slides and cover slips upon the
very gentle sliding of the thin covers (~500 mg in weight),
demonstrating high sensitivity towards mechanical force. On the
other hand, 1 and D1 did not exhibit ML until the solids were
pressed very firmly and sheared in between the two pieces of
glass. Although the roles of the substituents and substrates on
ML are not within the scope of this study, clearly the substituent
effects, which are practically non-existent in dilute solution, are
once again manifested in the solid state. The polymer P1 did not
show any visual fluorescence color or intensity change after being
ground against the substrate with substantial shear force.

The photos, fluorescence micrographs, emission spectra and
fluorescence lifetimes (collected and averaged over ~2 min) were
recorded for the solid smears. After hard pressing, the crystals
were mostly amorphous under the microscope (Fig. S5t). Their
emission spectra were instantly recorded by the array spec-
trometer. Unlike the relatively narrow fluorescence emission
found in the crystalline state, the smeared solids all exhibit
similar Gaussian-shaped spectra (Fig. 4). The fluorescence life-
times for the smears (1-3 and D1) range from 7-10 ns with
fluctuations due to the spontaneous morphological changes of

‘ heating

E=95

Fig. 5 (a) Reversible ML of 3 loaded on a piece of weighing paper:
writing “Exciton Migration” with a wood stick and erasing it by heating
at 120 °C for 30 s; (b) quickly dimmed ML of 1 after shear force and
brightness restoration by repeated smearing with a cotton swab on the
areas sheared ~15 s ago. (Aex = 365 nm).
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the solid samples.'>!? It was interesting to see that irrespective of
the initial emissions, all the samples ended up with similar spectra
after being ground via mechanical force, suggesting similar
amorphous states for all molecules.

Consistent with previous studies,'>** the ML of 1-3 and D1 is
reversible, namely that the yellow ML spontaneously reverts to
the blue-green. This process takes longer at room temperature
but can be substantially expedited at 120 °C, which is still well
below the melting temperatures of these solids (>185 °C). The
reversibility was demonstrated with 3 on a piece of weighing
paper as shown in Fig. 5a. Again, details of the substituent and
substrate effects are not discussed in the current study. A
previously unnoticed interesting feature of BF,dbm ML is that
the freshly sheared sites tend to become dimmer very quickly
(extended time leads to color change) but the brightness can be
reinstated by repeated shear force (Fig. Sb). In this process
however, the emission color is not altered, only the intensity is.

3. Discussion
3.1 Excited state interactions among BF,dbm(OR),

From characterization in dilute CH,Cl,, it is clearly evident that
when BF,dbm moieties are spatially constrained (D1 and P1),
intermolecular interactions give rise to a new emission band
(~550 nm) that is absent when the dye molecules are discrete
(1-3). There are two common causes for a red-shifted fluores-
cence band for proximal dyes of the same species: excited-state or
ground-state dimers. Excited-state dimers are also known as
excimers,?® which are only attractive to each other in the excited
state but are non-interacting or repulsive in the ground state.
Thus excimers absorb light as discrete molecules and emit light as
associated ones. Ground-state dimers however, can be excited by
light as one delocalized entity which differs in transition energy
to the monomer and results in new absorption bands.*!

From absorption data obtained for 1-3, D1 and P1 in solution
and nanoparticle dispersion of P1, we are quite convinced that
BF,dbm dyes have a strong tendency to form ground-state
dimers for the reason mentioned above. A blue-shifted absorp-
tion band at 391 nm is responsible for the new fluorescence band
at ~550 nm for D1 and P1 (Fig. S1 and S2¥). This hypsochromic
dimer, or H-dimer (H-aggregate) is formed when two (or more)
dye molecules are arranged in “face-to-face” configurations.!
Although the absorption evidence is not clear enough for D1, it is
possible that the intramolecular H-dimer*? and the unassociated
counterpart are at equilibrium in solution.*® Presumably the
enthalpy-driven ground-state dimer prefers less polar solvents,
due to the large dipoles** and multiple non-covalent interactions
of BF,dbm solute molecules (inferred from crystal structures,
Fig. S4t). It is expected to see increased dimer probability
(population) when the solvent polarity is decreased. Fig. 6a
shows the D1 absorption (5.6 x 107® M) change in response to
decreased solvent polarity, where a CH,Cl,—n-hexane mixture at
various volume ratios is used as the solvent. When the content of
polar CH,Cl, decreases, not only does the absorption show a
blue shift, the intensity of the absorption maximum also
increases by more than 50% in pure CH,Cl, compared to 9 : 1
n-hexane-CH,Cl,. The increase in the new absorption band is
presumably due to aligned transition dipole moments of the two
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Fig. 6 (a) Absorption spectra of D1 in a mixture of CH,Cl, and
n-hexane with different CH,Cl, content percentages: 100%, 80%, 50%,
20%, and 10% at a fixed concentration of 5.6 x 10~¢ M. Inset: schematic
representation of increased transition probability at higher energy level of
the BF,dbm H-dimer with “face-to-face” parallel transition dipoles. The
strength of the transition is denoted with “f” (oscillator strength®'). Black
arrows denote the transition dipole moments. Solid and dotted lines
denote allowed and forbidden excited states.?! (b) Normalized steady-
state emission spectra of D1 in a mixture of CH,Cl, and n-hexane with
different CH,Cl, content percentages: 100%, 80%, 50%, 20%, and 10% at
a fixed concentration of 5.6 x 107° M (e = 385 nm). Inset: corre-
sponding photos of the five samples under UV light and schematic
presentation of monomer and H-dimer fluorescence (FL).

BF,>dbm moieties in the “face-to-face” configuration (Fig. 6a
inset). Meanwhile, the fluorescence emission contributed by the
emissive H-dimer (~550 nm, g = 39 ns) is boosted with
diminished solvent polarity (Fig. 6b). The red-shifted and long-
lived fluorescence is also typical of an H-dimer due to cancelled
transition dipoles in a lower energy state (Fig. 6b inset). The
absorption spectra of 1 in decreasing polarity solvents were
measured in addition to a control experiment (Fig. S67).
Although the absorption maximum of 1 shows a slight blue-shift
(412 to 403 nm), neither the shape nor the intensity of the
absorption shows a perceivable change, indicating that the blue-
shift is merely a result of the solvatochromic effect. The mild
solvatochromic effect was observed in the fluorescence emission
of 1 too with no additional band for the various solvent polarities
(Fig. S67).

For the polymer P1, higher-ordered H-aggregates are possible
since from Fig. 1, P1 exhibits a more dramatic blue-shifted
absorption and a greater contribution from low energy emission
than does D1. The alternating polar, rigid fluorophores and non-
polar, flexible linkers could allow for intrapolymer H-aggregate
formation.?>? The equally long-lived lifetime of P1 (40 ns) is also
characteristic of H-aggregate emission. Although impurities,
defects, excimers, and exciplexes which all render red-shifted
emissions are not uncommon in conjugated fluorescent
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polymers,?” P1 is essentially a site-isolated system and is thus far
less complicated to study than conjugated systems. Therefore,
these solution experiments unambiguously demonstrated the
propensity of H-aggregate, formation by BF,dbm dyes.

The excitation spectrum of the NPs in water reveals a further
blue-shifted maximum relative to that of the monomers 1-3
(Fig. 4, from 411 nm to 384 nm, or 1770 cm™ 1), which indicates
that the same type, but possibly stronger, H-aggregate associa-
tion occurs in more firmly packed BF,dbm dye clusters. Thus the
NPs fluorescence emission (~550 nm, 1 = 24 ns) that closely
matches the lower energy part of D1 and P1 (~550 nm) in
solution is most likely to be caused by emissive H-aggregates as
well. The shorter fluorescence lifetime of the NP (compared to 40
ns of the H-aggregates in CH,Cl,) is possibly caused by increased
quenching events in the solid state. Since the polymer particle
(highly spatially confined and yet with rotationally flexible
linkers) is a close mimic of amorphous BF,dbm solids, we have a
good reason to believe the red-shifted emission (~550 nm)
induced by mechanical force in 1-3 is also caused by the forma-
tion of H-aggregates. As for the tendency for dimer or aggregate
formation in the solid state of BF,dbm derivatives, in previous
and our current investigations, both single-crystal XRD!*'* and
STM?® studies reveal that t— stacking and ArH---F hydrogen
bonding could both contribute significantly.

3.2 Energy transfer in the solid state

Since the orientations of BF,dbm moieties in polymer solids and
sheared crystals are more likely to be random, with the possibility
to form site-isolated BF,dbm fluorophores and J-aggregate-like
structures, one obvious question to ask is why only H-aggregates
emission is observed? Or how is it possible to achieve uniform
fluorescence color conversion with crude mechanical stimuli, as
has been observed in the experiments? A hypothesis is that
(unperturbed) ordered crystals and other dye-dye interactions
possess higher excited state energy levels than those of the emissive
H-aggregates, which serve as acceptors (traps) in energy trans-
fer.*3° Given that some energy transfer events (or exciton
migration®' in this case) can be thermally activated,®? it is expected
that BF,dbm ML can be quite different at lower temperatures.
Indeed when the glass slide covered with smeared solid of 3
was bathed in liquid N, (Fig. 7), it was clearly visible that the
originally homogeneous yellow emission turned into three
different apparent colors (cyan, green, and yellow) readily
observable to the naked eye. The heavily smeared regions were
more yellow while the less smeared parts changed to cyan or
green emission. Similar observations were noted for 1 and 2 (not

Fig.7 Photosshowing ML manifested by smearing crystals of 3 on glass
at room temperature (left), bottom part of the smeared region bathed in
liquid N, (middle), and recovery of ML when the glass slide was retrieved
from liquid N, to warm up to room temperature. (Aex = 365 nm).

shown). It was noted that neither at room temperature nor at
77 K did the smeared region exhibit maximal ML effect; it was a
temperature region in between. The simple experiments have
convincingly demonstrated the temperature-dependent energy
transfer processes within the solid organoboron materials.

Previous studies also confirm that H-aggregate-like structure
of BF,dbm derivatives have the lowest emissive states: the only
known BF,dbm derivative that does not show ML is a single-
methoxy substituted (Fig. 8). The dye, BF,dbmOMe, was used to
monitor bulk polymerization of lactide because of its robust
crystalline emission at ~550 nm (tg = 41 ns),*® which coincides
with the spectra of the sheared crystals of 1-3, D1 and the NP
and solids of polymer P1. Unsurprisingly, the solved crystal
structure'® of BF,dbmOMe reveals a fully overlapped “face-to-
face” H-aggregate-like packing mode which is absent in any other
BF,dbm derivatives studied, including the current crystal struc-
tures for 1-3. As a result, the energy levels cannot be brought
down further by mechanical stimulation. Nonetheless, a more
symmetric spectrum was noted after grinding, which either could
be caused by reduced self-absorption or increased chaos in the
molecular orientations caused by mechanical force.

To confirm that the yellow emission from BF,dbmOMe
mostly comes from stable H-aggregates and the effect of exciton
migration is minor in this case, smeared crystals of BF,dbmOMe
were bathed in liquid N, under UV light. Unlike 1-3 the smeared
crystals of which show blue-shifted emission at 77 K,
BF,dbmOMe turns orange with a second-long, red “after-glow”
after the UV excitation had ceased (Fig. 8 inset). This is a clear
indication of strong phosphorescence, or triplet-state emission
from the H-aggregates. As has been explained in the insets of
Fig. 6a and b, H-aggregates have a forbidden (long-lived) lowest
singlet state (tg = 40 ns), which significantly enhances the
probability of intersystem crossing to triplet states.?! Therefore,
it is not surprising to see red-shifted emission from BF,dbmOMe
solids and not from 1-3. This is because the H-aggregate pop-
ulation generated by mechanical force for 1-3 could be small and
does not result in detectable phosphorescence.

3.3 A mechanistic model for BF,dbm ML in the solid state

Based on the experimental data in the current and previous
studies, we have summarized a mechanistic explanation for the

— BF ,dbmOMe Crystal
~—— BF,dbmOMe Smeared
0.8

0.6

0.4

Normalized Intensity (a.u.)

0.2

0.0 T T r T T 1
450 500 550 600 650 700 750
Wavelength(nm)

Fig.8 Fluorescence emission spectra of crystals and smeared crystals of
BF,dbmOMe on glass substrates (A.x = 385 nm). Inset: chemical struc-
ture of BF2dbmOMe and photo showing smeared BF,dbmOMe crystals
partially bathed in liquid N, under UV light. (1, = 365 nm).
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Enigjransfer
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Crystal Emission

Fig. 9 Pictorial representation of BF,dbm ML process: the crystals are
ordered and emit green-blue fluorescence (blue molecules); when the
order is disrupted by mechanical force, limited numbers of H-aggregate-
forming sites (orange molecules) can give the entire solid a red-shifted
emission mediated by energy transfer (exciton migration). Green mole-
cules in the Fig. represent any other type of intermolecular interaction
with an excited-state energy level above that of the H-aggregates but
below the crystals.

BF,dbm ML phenomenon shown in Fig. 9. Before mechanical
stimulation, the emission color (energy level) of the BF,dbm
crystals is determined by the manner of molecular packing in
crystals (hypothetically, green-blue in the scheme).** Nonethe-
less, irrespective of the starting emissive energy levels of the
crystals, after shear force is applied, the ordered state is disrupted
into randomness and all possible dye-dye interactions can be
adopted, which could give rise to many non-vanishing excited
states.> Among the many dye-dye interactions, shear force could
always bring about the possibility of H-aggregate-like associa-
tion (a metastable state), which has the lowest emissive energy
level and serves as the acceptor in efficient solid-state energy
transfer. Therefore exciton migration can happen from other
allowed states (resulted from different dye—dye interactions) to
H-aggregate emissive states.

The proposed model predicts that for BF,dbm derivatives,
different solids with different starting fluorescence emission
colors will end in the same, lowest emissive state (specifically
~550 nm) after mechanical stimulation, provided that H-aggre-
gates are not highly unfavorable. That is to say that BF,dbm ML
should be dependent on the Gibbs free energy for H-aggregate
formation in the ground state. If the free energy is negative,
BF,dbm H-aggregates are stable and thus no ML, in terms of
emission color change, should be observed (Fig. 8). This is the
case of BF,dbmOMe which has an H-aggregate-like crystal
structure. If the free energy is positive, ML should be observable
since the initial stable packing mode differs from the metastable
H-aggregates. This is the case for the majority of the crystals and
solids observed.

4. Conclusions

In summary, we have synthesized monomeric, dimeric and
polymeric derivatives of difluoroboron dibenzoylmethane
(BF,dbm) complexes to investigate the mechanism of the
mechanochromic luminescence exhibited by most BF,dbm
complexes in the solid state. Using an approach that allows us to
unambiguously obtain excited-state interactions among BF,dbm
fluorophores, we were able to conclude the following statements:

(1) BF,dbm fluorophores have a propensity to form H-dimers or
H-aggregates in solution and in amorphous solids, such as
polymeric nanoparticles or smeared BF>dbm crystals; (2)
mechanical stimuli can cause the formation of the H-dimers or
H-aggregates of BF>,dbm that exhibit a low-lying emissive state
around 550 nm; (3) energy transfer may happen from other
higher excited states to the lowest H-aggregate excited states,
which eventually makes the entire solid emit at ~550 nm. This
investigation can serve as a guideline for tailored material design
in the future.
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