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Reversible mechanochromic luminescence (ML) is known for 

difluoroboron β-diketonates (BF2bdks). Here, we report ML 

for the methoxy-substituted dinaphthoylmethane (dnmOMe) 

ligand even without coordination to boron. In addition, 

dnmOMe shows solvatochromism and aggregation-induced 

emission (AIE). Diketone thin films showed high contrast 

emission when smeared, and rapid recovery of the pre-

smeared state at room temperature 

Organic luminescent materials have been studied extensively for 
their potential use in optical and optoelectronic devices.1 Many of 
these applications require stimuli responsive materials with broad 
wavelength coverage2 and efficient solid-state emission.1, 3 One class 
of stimuli responsive systems are mechanochromic luminescent 
(ML) materials that change emission wavelength when subjected to 
external mechanical forces such as smearing or grinding. 
Compounds that show ML are of interest for applications such as 
sensors, security inks, shape memory materials and light-emitting 
diodes.4 There are numerous types of ML materials including liquid 
crystals,5 polymers,6 inorganic7 and organic systems.8 Often, 
dynamic ML materials are designed with electron donor and 
acceptor motifs in order to modulate ML properties.9 For example, 
tetrathiazolylthiophene ML materials have been engineered to show 
distinct optical responses to different types of applied pressure, 
which demonstrates the potential for practical applications as 
mechanical sensors.10   

Materials that exhibit solid-state emission, an inherent quality 
required for ML materials, have been difficult to realize because 
many fluorophores that are emissive in solution suffer from 
aggregation caused quenching (ACQ).11 Instead of emitting a 
photon, ACQ dyes dissipate energy through non-radiative pathways 
and intermolecular interactions in aggregate species.1, 12  

One strategy to overcome ACQ is to design materials with 
aggregation induced emission (AIE).13 The term AIE was coined by 
Tang et al using a hexaphenylsilole (HPS) system. While not 
emissive in solution, as a solid it showed bright emission.13-14 This 
phenomenon was attributed to the restriction of intramolecular 
motions (RIM) upon dye aggregation.14-15 Since this initial discovery 
many different types of AIE active organic materials have been 
developed including triarylamine,16 tetraphenylethene,17 silole,13, 18 
and cyanostilbene19 based materials. Recently, materials showing 
AIE have proven useful for applications such as OLEDs,20 

bioprobes,21 and bioelectronics.22 Many of these systems show ML 
in addition to AIE.23 

Previously, we described difluoroboron coordinated β-
diketonates (BF2bdk) with efficient solid-state emission that also 
exhibit ML.24 Furthermore, these materials can self heal at room 
temperature and be smeared and erased multiple times without 
degradation.25 The effects of arene size,26 alkyl chain length27 and 
halide substitution,28 have been investigated. A current model 
proposed by Zhang et al.29 attributes BF2bdk ML behavior to face-
to-face H-aggregates that act as low energy emitters. A recent study 
shows AIE in addition to ML for the difluoroboron complex of 1-
phenyl-3-(3,5-dimethoxyphenyl)-propane-1,3-dione which further 
demonstrates the versatility of BF2bdk materials.30  

In the course of exploring substituent and processing effects on 
ML properties for BF2bdk complexes it was discovered that 
dnmOMe shows ML absent coordination to boron. High contrast 
blue-green emission is visible when dnmOMe thin films are exposed 
to a mechanical stimulus. This also dye exhibits AIE. Properties of 
boron-free dnmOMe are presented below.  

 
 
     
Methoxy-dinaphthoylmethane, dnmOMe, was prepared via 

Claisen condensation from 6′-methoxy-naphthanone and methyl-2-
naphthoate. The ligand dnmOMe was isolated as a light tan-colored 
powder that is soluble in common organic solvents such as THF, 
acetone, CH2Cl2, and DMSO. The absorption and emission spectra 
of dnmOMe were recorded in CH2Cl2 (S4). In solution, the optical 
properties of dnmOMe are unremarkable. An absorption peak is 
observed at 378 nm with a molar absorptivity of 34000 M-1cm-1. To 
the eye, dnmOMe appeared non-emissive, however a peak was 
observed at 443 nm in the emission spectrum. The quantum yield of 
dnmOMe in CH2Cl2 was negligible (Φ~0.002). Lifetime 
measurements of dnmOMe solutions showed short lifetimes (τ = 
0.18 ns) and multi-exponential decay, which suggests that multiple 
emissive species are present in solution. One possible explanation 
for this observation is that emissions from both keto and enol forms 
are detected.  Both forms are observed in the 1H NMR spectrum, as 
previous reported for bdks. 31 Different naphthyl ring rotomers are 
also possible. 

Density functional theory (DFT) calculations of the HOMO and 
LUMO molecular orbitals using B3LYP/6-31G(d) point to an 
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intramolecular charge transfer (ICT) transition from the methoxy 
substituted major donor ring to the rest of the molecule, suggesting 
solvatochromism might be present for dnmOMe (Fig. 1). To explore 
this possibility, absorption and emission spectra of dnmOMe were  

 
 
 

Fig 1. HOMO (left) and LUMO (right) molecular orbitals of dnmOMe. 
 

measured in a variety of solvents with a dnmOMe concentration of 
10-5 M (Fig 2). The peak absorptions of dnmOMe showed maxima 
between 378-379 nm and similar relative absorption intensities 
ranging from 1.69 in toluene to 1.91 in THF. Under UV-excitation 
dnmOMe showed no emission in nonpolar solvents. As the solvent 
polarity was increased, blue emission is evident. The emission 
spectra showed a bathochromic shift from 422 nm in hexanes to 466 
nm acetonitrile and the emission intensity was larger in polar 
solvents. The data were fit according to Lippert-Mataga32 theory in 
order to further evaluate the solvatochromic behavior in dnmOMe 
(S5). The plot of Stokes shift (∆ν) versus the solvent polarity 
parameter (∆f) shows a slightly positive trend with a slope of 1850 
indicating moderate solvatochromism. In addition to 
solvatochromism, dnmOMe shows sensitivity to base due to the 
acidic proton in uncoordinated β-diketones (e.g. α methylene or enol 
depending on the tautomer). Emission in CH3CN is quenched upon 
the addition of triethylamine (TEA) and can be recovered with the 
addition of acetic acid (S6). 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. Top: UV excited dnmOMe in different solvents, from left to right: 
toluene, CH2Cl2, acetone, THF, CHCl3, CH3CN. Bottom: Absorption and 
emission spectra of dnmOMe  (10-5 M) in different solvents (λex = 369 nm). 
 
 The AIE properties of dnmOMe were investigated by measuring 
the absorption (S7) emission (S8) spectra of THF/H2O mixtures with 
increasing H2O fractions (Fig. 3).33 As the water fraction was 
increased from 0-70% a gradual increase in emission intensity was 
observed which demonstrates AIE behavior for dnmOMe. Over 
nearly the same water fraction range, a 47 nm red-shift in emission 
wavelength from 438 nm in pure THF (blue) to 485 nm in 80% 
water (blue-green) was observed. When the water fraction was 
increased above 70% the solution became cloudy accompanied by a 
dramatic decrease in emission intensity and a hypsochromic 
wavelength shift. At this point, it is likely that aggregates reached a 
critical size and dnmOMe precipitate is formed. As more aggregates 
precipitated out of solution the emission decreased until eventually, 
in 100% water, the mixture was essentially non-emissive. 
 Though dnmOMe shows AIE, in the solid state pristine samples 
appeared non-emissive to the eye. This suggests that optical 
properties of dnmOMe solids are sensitive to molecular packing and 
different optical properties may be accessible through mechanical 
perturbation.  The ML properties of dnmOMe were explored using 
spin-cast films on glass prepared from a 10-3 M THF solution as 
previously described.34 The annealing temperature was determined  
 

 
 
 
 
 
 
 
 
 
Fig 3. Top: THF/H2O dnmOMe mixtures with increasing water fractions. 
Bottom:  Plot of emission intensity (red) and peak emission wavelength 
(blue) versus water fraction. 
 
experimentally by monitoring the peak wavelength as a function of 
temperature (S9)28. Though the dnmOMe emission maximum was 
largely independent of annealing temperature, the full width at half 
maximum (FWHM) was minimized at 140°C, thus samples were 
annealed at this temperature. DSC thermograms show that dnmOMe 
has a melting point (Tm) of 164 °C and crystallization temperature 
(Tc) of 126 °C so it is not required to heat dnmOMe thin films above 
Tm to anneal and change the optical properties and presumably 
aggregation state of the sample (S10). After cooling to room 
temperature, annealed samples were gently smeared with a cotton 
swab to induce a bathochromic shift in emission. 

The optical properties and solid-state quantum yields of 
dnmOMe in as spun (AS), thermally annealed (TA) and smeared 
(SM) states were also measured. In the as spun state (i.e. prior to 
annealing), films of dnmOMe showed faint blue emission (Fig. 4) 
(λem = 475 nm, FWHM = 109 nm, Φ = 3.3%). After the sample was 
annealed at 140 °C, no luminescence was observable to the eye, yet 
emission spectra showed a broad peak at 440 nm (FWHM =136 nm, 
Φ = 3.6%). Some fine structure emerged in the blue-shifted portion 
(385- 480 nm) of the spectrum, however a shoulder was observed 
near 500 nm, which contributed to the increased FWHM observed in 
the annealed state. In contrast, the smeared state of dnmOMe was 
blue-green in color with a peak emission of 503 nm and FWHM of 
165 nm, which was broader than observed for AS and TA states. 
Furthermore, the quantum yield increased to 10.6% compared to 
3.3% and 3.6% in the AS and TA states, respectively. A contrast 
ratio of 22.8 was estimated for dnmOMe by comparing the ratio of 
the peak intensities in the SM and TA states (S11).35 Pre-exponential 
weighted lifetimes of dnmOMe were also measured for the films in 
different states.  Decay curves for solid state emission were fit to 
multi-exponential functions indicating the formation of ground-state 
dimers or excimers which is typical for solid state luminescence.29, 36 
In the AS state, dnmOMe exhibited a lifetime of 4.7 ns, which 
decreased to 1.2 ns after annealing. Upon smearing, the lifetime 
increased to 2.3 ns. Excitation spectra of dnmOMe in each state 
monitored at 504 nm were also collected (S12). The shape of each 
excitation spectrum is similar, however the peak intensity for the SM 
sample was higher than for AS and TA samples. 

    
 
 
 
 

 
 
 
 
 

Fig 4. Thin films of dnmOMe (top) and emission spectra corresponding 
to as spun, thermally annealed, and smeared states (bottom) (λex = 369 
nm). 
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Previously, certain smeared BF2bdks thin films have been 
shown to spontaneously recover the initial (i.e. annealed) emissive 
state under ambient conditions.24-25, 27 This dynamic erasing property 
is tunable through molecular structure and processing, making it 
attractive for use in certain applications. Since dnmOMe contains the 
same β-diketone moiety absent deprotonation and boron 
coordination, we were curious to see if ligand films also showed 
spontaneous recovery at room temperature. The recovery time of 
dnmOMe was measured by smearing a thin film of the dye and 
monitoring the emission over time (Fig. 5). The peak emission of 
dnmOMe blue shifted immediately after smearing.  After only ten 
minutes, the peak shifted from 503 nm (smeared state) to 445 nm. 
After one hour, the peak emission had entirely recovered to 440 nm, 
the peak emission in the annealed state. After a day, the FWHM of 
recovered dnmOMe thin films had decreased compared to the 
FWHM corresponding to the annealed sample (133 nm in TA vs 106 
nm in recovered). This is opposite to the trend that is typically 
observed in BF2bdks where the FWHM increases upon smearing and 
decreases upon annealing.26 One possible explanation is that 
emission in the annealed state is broadened by emission from certain 
aggregate species formed during the fabrication of the film and 
mechanical stimulus is required to dissociate these species. This 
phenomenon has been observed in other mechanochromic materials 
where the mechanical grinding of certain tetraphenylethene powders 
was required in order to produce a wavelength change upon 
annealing.37 

 
 
 
 
 
 
 
 
 
 
 
Fig 5. Emission spectral changes of dnmOMe thin film samples monitored 
over time after smearing (TA = thermally annealed; SM = smeared) (λex = 
369 nm). 

Structural characterization was conducted by XRD, comparing 
annealed and smeared dnmOMe thin film patterns with those 
corresponding to the pristine powder (Fig 6).  In the AS state, XRD 
patterns of dnmOMe thin films appeared amorphous. The 
crystallinity of dnmOMe in the annealed state was demonstrated by 
sharp peaks at ~13.4° and ~18.0°, which corresponded to peaks 
observed in the powder pattern of dnmOMe. When smeared, no 
peaks were observed, indicating that dnmOMe is amorphous in the 
smeared state.  

 
 
 
 
 
 
 
 
 
 

 

Fig 6. XRD spectra of dnmOMe as a powder, and thin films in the as spun, 
annealed, and smeared states. 

AFM images of spin cast films in as spun, thermally annealed 
and recovered states were recorded in order to study the morphology 
of dnmOMe (Fig. 7). As spun films were used to approximate the 
morphology of the amorphous smeared state because quality images 
of smeared samples could not be obtained due to the fast rate of 
spontaneous recovery. The image of dnmOMe in the recovered state 
was obtained using a thin film one day after smearing to ensure the 
samples had entirely recovered prior obtaining images. In the as 
spun state, dnmOMe films were heterogeneous and showed plate-
like features with large variation in size and shape. When annealed, 
dnmOMe formed both rod-like and plate-like crystallites. Compared 
to AS films, features are much larger with more defined shape post 
annealing. Images of dnmOMe after recovery showed much more 
disorder than both AS and TA films. Features were smaller overall, 
however a wider variance in particle size and shape is observed.  
These results are consistent with XRD patterns, which showed 
diffraction peaks for annealed samples but none were observed after 
smearing. 

 
 
 
 
 
 
 
 
Fig 7. AFM images of dnmOMe films on glass substrates in as spun 
(AS), thermally annealed (TA) and recovered states.  

Conclusions 
In summary, the β-diketone dnmOMe showed unexceptional 

optical properties in methylene chloride solution, but a positive 
solvatochromic effect was observed when solvents were compared. 
AIE was demonstrated by measuring the emission of different 
THF/H2O ratios. High contrast ML with rapid recovery was 
observed in dnmOMe thin films and structural characterization 
indicates that the emissive smeared state is amorphous while the 
non-emissive annealed state is crystalline. Because β-diketones are 
readily deprotonated to form diketonates, and can coordinate to 
metals and main group elements, this points to additional sensing 
possibilities for these responsive optical materials. Substituent 
effects on solid-state dinaphthoylmethane properties and comparison 
to corresponding boron complexes serve as subjects of future 
reports. 
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