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The ability to make large changes in properties against small external stimuli is one of the key factors in
sensing materials. Molecular domino transformation, ie., polymorphic transformation starting at a
stimulated point and extending to the whole crystal, is an attractive phenomenon from this viewpoint. We
recently found such a transformation for the first time in an organic crystal of 4-nitro-N-salicylideneaniline
as one of the Schiff bases. In this study, quantitative evaluations were conducted on the mechanical
stimulus and emission properties in the transformation of the crystal. Our results demonstrate the
potential applicability of the crystal to the detection of even less than a few pN mechanical stimuli as an
emission color change. A molecular level transformation mechanism revealed by microcrystal electron
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Introduction

Molecular crystals can alter their properties in response to
external stimuli by conversion of molecular structures, mole-
cular arrangements, and/or crystal’s components.'™ Various

“Japan Synchrotron Radiation Research Institute (JASRI), 1-1-1 Kouto, Sayo-cho,
Sayo-gun, Hyogo 679-5198, Japan. E-mail: toshiyuki.sasaki@spring8.or.jp

b Institute for Protein Research, Osaka University, 3-2 Yamadaoka, Suita, Osaka
565-0871, Japan

¢ School of Mechanical and Aerospace Engineering, Nanyang Technological
University, Singapore 639798, Singapore

4 Institute of Materials Research and Engineering, Agency for Science, Technology
and Research (A*STAR), Singapore 138634, Singapore

¢ Department of Chemistry, Institute of Education, Shinshu University, 6-ro,
Nishinagano, Nagano, 380-8544, Japan

I Department of Biological Sciences, Yokohama City University, 1-7-29 Suehiro-cho,
Tsurumi-ku, Yokohama 230-0045, Japan

¢ Department of Chemistry, Gauhati University, Guwahati 781014, Assam, India

" Department of Applied Physics, The University of Tokyo, Hongo 7-3-1, Bunkyo-ku,
Tokyo, 113-8656, Japan

‘ JEOL YOKOGUSHI Research Alliance Laboratories, Graduate School of Frontier
Biosciences, Osaka University, 1-3 Yamadaoka, Suita, Osaka 565-0871, Japan

J Institute for Open and Transdisciplinary Research Initiatives, Osaka University, 2-1
Yamadaoka, Suita, Osaka 565-0871, Japan

t Electronic supplementary information (ESI) available: Cryo-EM images, distri-

bution of unit cell parameters, crystallographic data, powder X-ray diffraction

patterns, theoretical calculation results, fluorescence lifetimes, and Movie S1
(molecular domino transformation of 10). CCDC 2279131 and 2279132. For ESI

and crystallographic data in CIF or other electronic format see DOI: https://doi.

0rg/10.1039/d4tc00406j

8508 | J Mater. Chem. C, 2024, 12, 8508-8513

diffraction also contributes to the future development of the transformation-based materials.

4-9 10-15
1, I,

kinds of external stimuli, such as therma mechanica
light,'®*® and vapor-based stimuli,'® " have been used to induce
the conversion. Remarkable property changes and high sensitivity
to external stimuli are reported; the tailoring of such changes can
lead to fascinating sensing and actuation applications.

Molecular domino transformation (MDT), discovered and
named by Ito et al. in a gold(r) complex in 2013,"" is one such
possible mechanism to achieve the desired characteristics. Not
only is the transformation inducible by a small mechanical
stimulus, but it also progresses from the initial point through the
entire crystal autocatalytically. Such domino-like amplification of
the response to mechanical stimulus enables the molecular
crystals to detect mechanical stimuli with high sensitivity.
However, MDT is reported only in a small number of molecular
crystals hitherto.”*>** Therefore, research on it has depended
mostly on serendipity. For further rational development of sen-
sing materials that use MDT as the main mechanism, funda-
mental understanding of it and in a wider variety of molecular
systems is necessary.

Salicylideneaniline derivatives have been selected as a
model system for this purpose in this study because of their
remarkable polymorph-dependent fluorescence properties®**
as well as their easy availability via a condensation reaction of
anilines and salicylaldehydes. Herein, we characterize MDT in a
crystal of 4-nitro-N-salicylideneaniline (1). In addition to the
evaluation of the emission characteristics by fluorescent micro-
scopy, the mechanical sensitivity and the molecular level

This journal is © The Royal Society of Chemistry 2024


https://orcid.org/0000-0002-2849-1900
https://orcid.org/0000-0003-2697-2767
https://orcid.org/0000-0002-7380-0127
https://orcid.org/0000-0001-7454-9483
https://orcid.org/0000-0001-7463-8398
https://orcid.org/0000-0001-8518-0300
https://orcid.org/0000-0002-1549-3915
https://orcid.org/0000-0002-0325-3316
https://orcid.org/0000-0002-5354-0807
http://crossmark.crossref.org/dialog/?doi=10.1039/d4tc00406j&domain=pdf&date_stamp=2024-04-22
https://doi.org/10.1039/d4tc00406j
https://doi.org/10.1039/d4tc00406j
https://rsc.li/materials-c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4tc00406j
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC012023

Open Access Article. Published on 31 May 2024. Downloaded on 10/26/2025 12:57:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

mechanism of the transformation are investigated using
nanoindentation®* >’ and microcrystal electron diffraction
(MicroED) techniques,*® > respectively.

Results and discussion

Crystals of 1 were synthesized by a condensation reaction of
4-nitroaniline and salicylaldehyde in ethanol. Recrystallization
of 1 from THF resulted in columnar orange crystals (Fig. 1b).
Two types of crystals were observed. Upon UV (365 nm) light
irradiation, one type emits strong yellow color while the other
emits weak orange color. Hereafter, these two crystal poly-
morphs are referred as 1Y and 10, respectively (Fig. 1¢c(i)). Such
remarkable emission color differences between polymorphs are
often observed in molecular crystals showing excited-state
intramolecular proton transfer (ESIPT): an intramolecular

(a)
30 um
(b) (ii)1.2 AR A R
Y
10k 614 S
. \ E|
= 08fF 58 e
2 06fF / .
i
|5 k|
- IREN .:
400 um 02 E
0.0 1 Lovaalonaaluny
500 550 600 650 700 750 800
d o Wavelength / nm
CHOM
b
3
1 2
30 ym
(")12 B 1.2 prer e
105 570 580 610 Regm;. _f 1.0'_ 615 Reg.o: _i
5 E ] ; E s 1
3 08F B s 08F 570, — s 4
2 06F B 2 06 3
2 E 3 2
2 04F 3 2 04f 4
0.2F B 02F 4
0.0 0.0 Ll 1 1
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength / nm Wavelength / nm
(e) (') before
3

50 um

(ii) 1600 v 5 12 e
atRegion3 and 3 AT +—— aRegondand3 3
; 12001 —Before ] > /N T Ater
] After ] % 08k /4 \ E
s g \
1 - /
2 800[ . € o6fF / \ E
c ] \
2 X9.4 ] B o04af / \ 3
£ 400fF 4 = / \
1 g o2f / \ 3
T o — o
0 e I Ir ! . € 00 AP PP PP PSS o
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength / nm Wavelength / nm
Fig. 1 (a) Molecular structure of 1. (b) Photographic images of 1 under

white light. (c)—(e) (i) Photographic images of 1Y, 10, and 10 before
transformation (before), and after transformation (after) under UV light
and (i) their emission spectra. Emission spectra in (c) were recorded by a
fluorescent microscope (IX71, Olympus Co., Ltd.) with a spectrometer
(USB4000, Ocean Optics Co., Ltd.) while those in (d) and (e) were
measured by a hyperspectral camera (SI-108, EBA JAPAN Co., Ltd.).
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proton transfer from an excited enol to an excited keto form
causes an emission spectral redshift."®***¢"*® Their emission
spectra were recorded by a fluorescent microscope (IX71,
Olympus Co., Ltd.) with a spectrometer (USB4000, Ocean Optics
Co., Ltd.) as shown in Fig. 1c(ii). 1Y exhibits two emission peaks
at 567 and 606 nm while 10 at 614 nm with a shoulder at
580 nm. A shorter fluorescence lifetime of 10 than that of 1Y
indicates that non-radiative relaxation pathways have a larger
contribution to the fluorescence of 10 than 1Y (Fig. S4, ESI}). In
addition, spatially resolved fluorescent measurements by a
hyperspectral camera (SI-108, EBA JAPAN Co., Ltd.), which
can get emission spectra at a specific area of a single crystal,
revealed their non-uniform emission properties (Fig. 1d). The
experimental setup is the same as in the previous report.*
The relative intensity of the emission peaks around 570
and 610 nm changes depending on measurement points
in each single crystal. Note that emission from the edge of 1Y
(region 3 in Fig. d(i)) shows a spectrum resembling that of
10 when compared to the middle region (region 2 in Fig. d(i)).
We surmise that the emission heterogeneity is due to the
formation of a mixed crystal of 1Y with a small portion of 10.
The ratio of 10 at the edge is larger than that at the middle.
Such kind of intergrowth polymorphs have been investigated
by Desiraju and coworkers on aspirin® and felodipin®>> mole-
cular crystals.

Interestingly, 10 shows an emission color change upon
mechanical stimuli (Fig. 1e and Movie S1, ESI{). Orange emis-
sion from 10 transformed into yellow at the stimulated area.
The yellow emission area gradually spreads over the whole
crystal, suggesting the operation of MDT in the crystal'' that
transforms it from 10 to 1Y. Propagation of MDT from the
stimulated area to an area within a radius of ca. 30 pum occurred
within one minute. In the next 20 seconds, MDT rapidly
proceeded over 200 um along the long axis of the 10.
The transformation was also confirmed by spatially resolved
emission spectra recorded by a hyperspectral camera and fluores-
cence lifetime measurements (Fig. S5, ESIt). The emission spec-
trum obtained at the regions 3 of 10 in Fig. 1le has strong and
relatively weak peaks at 610 and 580 nm, respectively. The relative
intensities of the peaks become the opposite after the transforma-
tion and the resulting spectrum nearly-corresponds to that of the
as-prepared 1Y. Moreover, increase of the emission intensity by
9.4 times as well as elongation of the fluorescence lifetime after
the transformation were confirmed.

before

Fig. 2 Photographic images of 1 under UV light before and after nanoin-
dentation (Hysitron T1980, Bruker Corp.). Mechanically stimulated 10 is
circled in red.
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Sensitivity of 10 against mechanical stimuli was investigated
using nanoindentation (Fig. 2 and Fig. S8, ESIt).>**” 10 for
nanoindentation studies was prepared by evaporation of the
THF solution dropped on a glass plate under air at room tem-
perature. More than 20 crystals of 10 prepared on glass plates were
stimulated by a diamond indenter tip with the maximum applied
load ranging from 1 to 3000 pN. The transformation of the
stimulated crystals was confirmed by emission color change. The
large variation in the force required for triggering the transforma-
tion could have origins in a variety of factors such as the crystal
size, shape, local surface topology, how firmly the crystal is
attached to the substrate, and so on. Some crystals showed high
mechanical sensitivities, i.e., they underwent the transformation at
forces as low as 1 pN.

The origins of the different emission properties and structural
stabilities of 10 and 1Y were investigated based on their crystal
structures.**> Due to 10’s mechanical sensitivity to transform
into 1Y, large single crystals of 10 could not be mounted on a
conventional X-ray diffractometer. Thus, the crystal structures of
10 and 1Y were determined by microcrystal electron diffraction
(MicroED) (Fig. 3 and 4).>*° For this purpose, microctystalline
10 and 1Y were prepared directly on a copper EM grid (Quantifoil
R1.2/1.3 Cu 200 mech) by ‘painting’ the THF solution, not crystal
suspension, using a brush to prevent any possible mechanical
stimulation of the crystals and loaded onto a Talos Arctica
microscope (Thermo Fisher Scientific) equipped with a Ceta
detector (CMOS 4k x 4k, Thermo Fisher Scientific). Data collec-
tion was performed using SerialEM*® with a strategy described
in the literature.**>*** Diffraction patterns from more than
1150 crystals were measured at 200 kV with an electron flux of
0.05 e~ A~? s, Diffraction patterns were indexed, integrated, and
scaled using DIALS.*®™® First, crystals were indexed without using
any prior cell information and the Bravais lattice constraints. The

Fig. 3 (a) (i) Dihedral angle, 04, between the two phenyl rings, (i) distances
between n-stacked molecules, (ii) hydrogen-bonding dimer, (b) (i) packing
diagram, and (ii) side view of a right-handed two-fold helix by neighboring
columns in 10. The helical handedness is defined by tilt (green arrow) of
the dimer according to the supramolecular-tilt-chirality method.®°=2
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Fig. 4 (a) (i) Dihedral angle between the two phenyl rings, (i) distance
between n-stacked molecules, (i) hydrogen-bonding dimer, (b) (i) packing
diagram, and (ii) side view of a right-handed two-fold helix by neighbour-
ing columns in 1Y. The helical handedness is defined by tilt (green arrow) of
the dimer according to the supramolecular-tilt-chirality method.60-62

N

distribution of the resulting unit cell parameters indicated the
presence of two crystal forms (monoclinic and orthorhombic) in
the sample (ESL, T Fig. S2). Next, the dataset was reprocessed twice,
using the cell parameter and lattice type of each crystal form.
Crystals in each group were further clustered by xia2.multiplex*®
to find the best sets of crystals for final merging (Tables S1 and S2,
ESIt). 697 crystals were indexed in the monoclinic crystal form
and 55 good crystals were merged. The structure was solved in the
space group P2,/c and was identical to the 1Y structure solved
using X-ray diffraction (XRD) in previous studies.’®>" The powder
XRD pattern of 1Y agrees well with that simulated from the solved
structure (Fig. S3, ESIT). The other 90 crystals were indexed in the
new orthorhombic crystal form and the 4 best crystals gave a
structure in the Pna2, space group. We assigned this to be 10. The
crystal structures were solved using SHELXT>* and refined kine-
matically by SHELXL> in Olex2 GUI (Table S3, ESIt).>*>

There are two crystallographically independent molecules of
Z1 and Z2 in 10; the dihedral angles between the two phenyl
groups in them are 64 = 36.2° and 35.1°, respectively (Fig. 3a(i)).
Such large 04 could be one of the origins of the low emission
intensity due to twisted intramolecular charge transfer,>3:7°675°
The n-r distance (d,) between Z1 (or Z2) molecules is ca. 3.4 A
(Fig. 3a(ii)). In addition to the intramolecular hydrogen-bonding
between hydroxyl and imino groups (N---O distance of dy_o =
2.66 A), 1 forms an intermolecular hydrogen bond between the
hydroxyl groups (O- - -O distance of do_o = 2.89 A) of Z1 and Z2 to
afford a hydrogen-bonded dimer (Fig. 3a(iii)). The dimer tilts ca.
29° against the ¢ axis and stacks along the b axis with a distance
of d; = 3.4 A to form a columnar assembly (Fig. 3b). Two-fold
helices in 10 are perpendicular to the stacking direction.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Schematic representation of the MDT mechanism from 10 to 1Y.

In contrast to 1 in 10, 1 in 1Y is almost planar, i.e., the two
phenyl groups are nearly parallel (64 = 3.8°) (Fig. 4a(i)). This value
is much smaller than that noted in 10 (04 = 36.2°, 35.1°).
Consistent with a previous report by Borbone et al>® 04 and
fluorescence lifetime are correlated, i.e., smaller dihedral angles
result in longer fluorescence lifetime. d, between Z1 molecules is
3.0-3.5 A (Fig. 4a(ii)). Similar to 10, 1 forms a hydrogen-bonding
dimer with intra- and inter-molecular hydrogen-bonding N---O
(dyo = 2.66 A) and O---O (do.o = 3.00 A), respectively
(Fig. 4a(iii)). The dimer tilts ca. 0, = 25° against the b axis and
stacks with an inversion symmetry at d, = 3.0-3.5 A along the b
axis to form a columnar assembly. Neighbouring columns are
related by a two-fold helical symmetry along the stacking direc-
tion in a herringbone manner (Fig. 4b). The n-stacking manner
of 1 is parallel in 10 while that in 1Y is antiparallel.

Based on the crystallographic studies, the domino transfor-
mation from 10 to 1Y coupled with an emission change is
described by molecular conformational changes as well as
molecular rearrangement in the crystal lattice. Phenyl rings
rotate more than 30° during MDT, i.e., from 04 = 36.2° and 35.1° in
10 to 04 = 3.8° in 1Y. One of the possible molecular movements is
schematically shown in Fig. 5. Hydrogen-bonding dimers in a
column rotate clockwise or counterclockwise along with the
conformational change. As a result, the dimers in a column and
those in the neighbouring column stack alternately to form 1Y.
Interestingly, electron microscope images of 1Y crystals often had
cracks in the middle and/or jagged ends, while 10 crystals tended
to be straighter (Fig. S1, ESIt). This might have resulted from
internal stress caused by the transformation.

The domino transformation from 10 to 1Y by mechanical
stimuli suggests that 1Y is more stable than 10. The relative
stability was evaluated by DFT calculations using the Quantum
ESPRESSO program (Fig. S7 and Tables S4, S5, ESI{).*™®?
The calculated lattice energies (Ejagice) Of 10 (n = 8) and 1Y
(n = 4) are 228.3 and 116.4 kcal mol ', respectively. The Ejaice
values per molecule (Ej,ice/n) for 10 and 1Y are 28.5 and 29.1
keal mol ™, respectively, which shows that 1Y is more stable
than 10. Heating under an optical microscope showed that 10
melts at lower temperature (ca. 120 °C) than 1Y (ca. 160 °C), also
suggesting the stability order.

Effects of the conformation (1 is planar in 1Y, while twisted
in 10) on fluorescence spectra were studied by time dependent
DFT calculations using the Gaussian program.®® The torsional
angles of four rotatable bonds were fixed in the geometry

This journal is © The Royal Society of Chemistry 2024
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optimizations in the excited state. The optimized structures
show that 1 has a keto form in the excited state (Fig. S7, ESIT).
Although the calculated wavelengths of the fluorescence spec-
tra are 50-70 nm longer than the experimental ones, the
calculated wavelength in 10 is longer than that in 1Y, which
agrees with experiments (Table S6, ESIt). This result indicates a
crucial role of molecular conformation (twisting of two benzene
rings) on the emission spectral redshift in 10.

Conclusions

In conclusion, we discovered and characterized a Schiff base
crystal of 1 showing mechanically-induced molecular domino
transformation (MDT). Spectrometry revealed changes in emis-
sion color and intensity by the transformation (peak top shift of
ca. 50 nm and over 9-fold increase of the intensity). Nanoindenta-
tion studies quantified the absolute values of the mechanical
force necessary for the transformation (1 pN at the smallest). 1 is
attractive as a sensing material because of the mechanical sensi-
tivity and large emission change. MDT amplifies a local stimulus
to a response by the whole crystal. Atomic level insights of the
transformation mechanism were obtained by solving the crystal
structure of a metastable 10 by MicroED. Other series of Schiff
bases, which show polymorph-dependent emission differences,
are under investigation to rationally improve and control proper-
ties suitable for sensing applications based on the fundamental
understanding of MDT.
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