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ABSTRACT: Mechanochromic luminescent molecules are currently
attracting considerable attention because of their promising technological
applications, but understanding their mechanism of action is challenging and
is thus hindering our deeper understanding of these materials. The
conformational change of 9,9′-dimethyl-9,10-dihydroacridane derivative 1
was examined using solid-state 15N nuclear magnetic resonance (NMR)
spectroscopic techniques without using a specifically 15N-labeled compound.
A difference between the two conformers was clearly observed in the
measurements and was assigned to the ⟨pl⟩ and ⟨bf⟩ spatial structures. The
results were supported by quantum chemical calculations on 15N NMR
chemical shifts of each isomer. The technique presented here can clearly
identify the structural changes caused by crushing a powder sample. Such
structural changes are difficult to determine using X-ray diffraction (XRD)
measurements.

1. INTRODUCTION
Stimuli-responsive crystalline molecules have attracted much
interest over the past several years.1 Among them, mechano-
fluorochromic materials have made considerable progress in
various intelligent responsive devices and security technolo-
gies.2 There are many research examples of mechanochromic
emission, but direct observation of structural variation before
and after grinding a crystalline sample remains challenging.
Most structural information on crystalline samples comes from
single-crystal and/or powder X-ray diffraction studies, but
these methods are insufficient to obtain structural information
on amorphous samples, as such samples tend to show complex
conformers. Thus, the investigation of structure−property
relationships is key for rational molecular design to improve
the performance of mechanochromic materials.
Solid-state NMR spectroscopy is increasingly employed to

characterize solid-state functional materials,3 as it is a
nondestructive characterization method suitable for complex
materials and insoluble compounds. Many studies to date have
focused on 13C and 29Si nuclei, whereas there have been
limited measurements of 15N nuclei.4 15N NMR spectroscopy
is hampered by low sensitivity due to the very low natural
abundance of 15N (0.37%). The low nitrogen concentration in
many molecules led researchers to believe that 15N NMR
investigations were impossible without 15N enrichment.
However, enrichment with 15N is often not synthetically
feasible. Thus, there are few reports of 15N NMR measure-
ments of mechanochromic materials.

We recently reported emissive organosilane crystalline
compounds with nitrogen atoms in heterocyclic components.5

These compounds exhibit mechanochromic luminescence
owing to a combination of the flexibility of the Si−Si bond
and the conformational isomers of the cyclic N-arylamine.6,7

Among them, 4,7-bis(2-(4-(9,9-dimethylacridin-10(9H)-yl)-
phenyl)-1,1,2,2-tetramethyldisilanyl)benzo[c][1,2,5]-
thiadiazole adopts various conformational isomers 1α, 1β, and
1γ, which contribute to changes in luminescence properties
(Figure 1). The conformational structure in the crystalline
state was found as 1α studied by X-ray diffraction experiments.
Grinding a crystalline sample with a mortar and pestle results
in red-shifted emission. The morphology of the ground sample
was amorphous, and no clear difference was observed in the
solid-state 13C NMR data between the crystalline and
amorphous states in a preliminary study. Few investigations
have focused on the isomeric conformational structure in the
amorphous state of mechanochromic materials.8 In this study,
we used solid-state 15N NMR spectroscopy to identify
structural modifications induced by the mechanochemical
effect of grinding nitrogen-containing heterocycle 1 without
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(partial) 15N enrichment, and we present experimental and
computational investigations of the relationship between the
mechanochromic behavior and molecular structural changes of
1.

2. RESULTS AND DISCUSSION
2.1. 15N CP/MAS NMR Measurements. Compound 1

containing the 9,9′-dimethyl-9,10-dihydroacridane moiety
possibly has quasi-equatorial (⟨eq⟩), quasi-axial (⟨ax⟩),
butterfly (⟨bf⟩), and planar (⟨pl⟩) conformers. The ⟨bf-eq⟩
isomer is often observed in the crystalline state of the 9,9′-
dimethyl-9,10-dihydroacridane structure, which shows a
dihedral angle between the two phenyl groups in the 9,9′-
dimethyl-9,10-dihydroacridane ring of about 30°.9 The
structures of only a few ⟨pl⟩ isomers have been reported
based on single-crystal X-ray structural analysis.10 Despite
being far from common, 15N NMR spectroscopy can provide
useful information about the environment around N atoms, a
key element in our material. The 15N NMR spectrum of 1 in
the crystalline state was measured to distinguish different
classes and the connectivity of nitrogen in the molecule. The
spectrum required the accumulation of 8,000 to 16,000 scans
over a period of 24−48 h to obtain an adequate signal-to-noise
ratio. The 15N CP/MAS spectra of 15N-unlabeled 1 are shown
in Figure 2. A singlet signal was observed in the crystalline
sample at −269.8 ppm relative to nitromethane. This signal
can be assigned to the ⟨bf-eq⟩ conformer of 9,9′-dimethyl-
9,10-dihydroacridane (Figure 2a) and is supported by single-
crystal X-ray diffraction. The 15N chemical shift of the
benzothiadiazole group was observed at around −45 ppm
(Figure S1a).11 These observations were consistent with the
presence of only one type of 9,9′-dimethyl-9,10-dihydroacri-
dane group.

The grinding process induces a crystalline-to-amorphous
phase transition, causing a change in the structure of the
conformational isomers at the molecular level. Figure 2b shows
the 15N NMR spectrum for an amorphous sample of 1 after
grinding and suggests the presence of multiple chemically
distinct species. The peaks are located at −269.7 and −273.9
ppm, which indicates a different nitrogen environment of 9,9′-
dimethyl-9,10-dihydroacridane in the ground sample com-
pared with the unground sample.12 We assigned the peak at
lower magnetic field (−269.7 ppm) and at higher magnetic
field (−273.9 ppm) to nitrogen atoms of ⟨bf-eq⟩ and another
conformer, respectively, because the remaining peak at −269.7
ppm must be ⟨bf-eq⟩. These results indicate that there is a
chemical shift difference between the conformational isomers
because the chemical shifts were affected by nitrogen nuclei in
the molecule. The broadening of the peak in the amorphous
state is presumably a result of random dipolar interaction in
the amorphous state due to the deconstruction of CH−π
intermolecular interactions with a lack of long-range
periodicity. The 15N chemical shift of the benzothiadiazole
group did not change during the grinding process (Figure
S1b).
Because of the flexible framework of 1, the molecule can

easily alter its conformational structure to effectively optimize
intermolecular interactions. The two broad peaks disappear
and the original single sharp peak at −269.9 ppm reappears
after annealing at 100 °C (Figure 2c), indicating that the
crystalline phase was recovered. This observation is consistent
with the amorphous state returning to the crystalline state
upon thermal stimulation. The 15N CP/MAS NMR spectra
indicate that the mechanochromic luminescence of 1 is
relevant to molecular conformation and packing mode.
2.2. Theoretical Calculations. We calculated the energies

of each conformational isomer of phenyl 9,9′-dimethyl-9,10-

Figure 1. Possible conformational isomers 1α, 1β and 1γ related to mechanochromic emission.

Figure 2. Solid-state 15N NMR of 1 with reference to 15N nitromethane as an external reference at rt. (a) Crystalline state. (b) Amorphous state
with a grinding crystalline state. (c) After thermal annealing of the amorphous sample at 110 °C. LB = 0.
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dihydroacridane to clarify its utility as a model compound.
Possible conformational isomers and a proposed energy
diagram are shown in Figure 3. The frequency analysis was
performed on all optimized structures to ensure that the energy
of the structure is the local minimum. Although ⟨bf-eq⟩ is the
most stable isomer which is consistent with only one isomer
observed in the crystal structure, studies performed on phenyl
9,9′-dimethyl-9,10-dihydroacridane revealed that the ⟨bf⟩ and
⟨pl⟩ conformations interconverted freely in the amorphous
state with a low kinetic barrier (ΔG≠ ≈ 0.4 kcal/mol) and no
conformational energy difference (ΔE = 0.0 kcal/mol). This
result supported the theoretical possibility of coexisting
populations of these conformations at rt. Therefore, when
the crystalline sample is crushed under mechanical stress, ⟨bf⟩
and ⟨pl⟩ are present in equal amounts in the amorphous state
at rt. The ⟨bf-ax⟩ conformer is also potentially present in the
amorphous sample at a lower population due to the high
internal energy (ΔG≠ ≈ 5.6 kcal/mol). Therefore, the ⟨bf-ax⟩
conformer cannot be detected by NMR owing to the small
amount present in the sample. The above results imply that 1
in the amorphous sample is a mixture of ⟨bf-ax⟩ and ⟨pl-eq⟩ at
a ratio of ∼1:1 and that grinding overcomes the transition
energy for the internal conversion from ⟨bf-eq⟩ to ⟨pl-eq⟩ or
⟨bf-ax⟩. The calculation showed significant conformational
flexibility and adoption of several conformers in the
amorphous state.

Computational aspects of 15N NMR shielding constants
(chemical shifts) provide a powerful tool in structural studies
of organic compounds.13 To verify the nitrogen assignments,
15N NMR chemical shift calculations of phenyl 9,9′-dimethyl-
9,10-dihydroacridane were performed based on the gauge
including atomic orbital (GIAO) calculations using the
Gaussian 16 program at the B3LYP/6-311+G** level of
theory.14 The calculated results for each isomer are shown in
the Supporting Information. The calculated 15N NMR
chemical shifts of ⟨bf-eq⟩, ⟨pl-eq⟩, and ⟨ax-bf⟩ were −259.5,
−264.1, and −263.8 ppm relative to nitromethane, respec-
tively.15 The comparison of ⟨bf-eq⟩ with ⟨pl-eq⟩ and ⟨ax-bf⟩
using 15N NMR showed a high field shift of ∼4 ppm,
consistent with the results of 15N NMR experimental
measurements. The finding allows for a rationale for the
mechanism of stimuli-responsive emission.

3. CONCLUSIONS
The present work investigated crystalline and amorphous
samples of 1 using solid-state 15N NMR and theoretical
calculations. Because no spectroscopic evidence on conforma-
tional changes in the amorphous sample was presented, solid-
state 15N NMR complements X-ray diffraction studies on the
conformations of nitrogen-containing heterocycles. The CP/
MAS 15N NMR data presented here provide more detailed
structural information than previously reported 13C CP/MAS

Figure 3. Structure−property relation. For simplicity, energy calculations were performed on phenyl 9,9′-dimethyl-9,10-dihydroacridane. The unit
for numbers in the energy diagram is kcal/mol.
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NMR studies. The 15N NMR measurements indicate that a
donor−acceptor−donor molecule of 1 after grinding exhibits
at least two distinguishable environments around the N atoms
between the ⟨bf⟩ and ⟨pl⟩ isomers with high conformational
mobility. 15N NMR chemical shifts were key to assigning the
structures of the conformational forms and were sensitive to
small changes in the local environment of the N atoms. The
two different 15N NMR peaks observed were derived from
different nitrogen substitution patterns. The assignment was
performed based on computational 15N NMR studies for each
isomer. 15N NMR supported the fact that disruption and
restoration of intermolecular CH−π interaction triggered by
grinding and heating causes the conformational change of 9,9′-
dimethyl-9,10-dihydroacridane, which are consistent with a
previously proposed mechanism based on thermodynamic
arguments. The energy levels of 1α, 1β, and 1γ are within 5.6
kcal/mol, and calculations suggest that 1 possesses significant
conformational flexibility. Our work provides further evidence
of a conformational change in 1 upon mechanical stimuli.
Because 15N NMR chemical shifts have a high regularity
correlated to structure, they can be used as diagnostic
indicators for identifying the structure of compounds in the
solid state.

4. EXPERIMENTAL SECTION
4.1. Materials. All chemicals and reagents for CP/MAS

15N NMR were obtained from commercial sources and used
without additional purification. Compound 1 was prepared
according to procedures previously reported by our group.6b

4.2. Solid-State NMR Spectroscopy. The sample was
packed into a 4 mm zirconia rotor and measured with 15N
cross-polarization/magic angle spinning (CP/MAS) NMR
using a spectrometer (Bruker AVANCE III HD 600WB) at
a Larmor frequency of 60.86 MHz. A Bruker MAS probe head
(MAS4DR) was used with a HR-MAS rotor with 4 mm
diameter (HZ05538) and a Teflon insert (50 μL), and the
sample spin rate was 8 kHz. The amounts of crystalline and
amorphous samples for 15N CP/MAS NMR measurements
were 38.37 and 29.92 mg, respectively. The 15N chemical shifts
were referenced to nitromethane at 0 ppm.16 NH4Cl (10 atom
% 15N) was used as a second reference material, the NH4 signal
of which was set at −341.15 ppm. The samples were measured
at ambient probe temperature.
4.3. Computational Details. The Gaussian 16 rev. C

program was used to predict the 15N NMR shielding constants
of 1. The geometries of all isomers of 1 were optimized at the
B3LYP/6-31+G** level of theory, and the 15N chemical shifts
were calculated using the optimized structures by the gauge-
independent atomic orbital method. The GIAO magnetic
shielding tensor was −119.9 ppm for 15N in nitromethane, and
calculated 15N NMR shifts were referenced to nitromethane.
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