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Highlights:

e Mechanofluorochromism (MFC) is reported for pyrenyl acrylates.

e The C-1- and C-4-alkenylated pyrenes exhibited hypsochromic and
bathochromic MFC.

e Bulky groups in 2,7-position reduced the molecular rearrangement after
grinding.

e MFC of pyrene-derived acrylates is discussed based on emission spectra and
decay times.



Abstract:

Solid-state  emission color change wupon mechanical stimuli, known as

mechanofluorochromism (MFC), is reported for pyrenyl acrylates. The C-1- and C-4-

alkenylated pyrenes ((E)-Ethyl-3-(Pyren-1-yl)acrylate and (£)-Ethyl-3-(Pyren-4-

ylacrylate, respectively) exhibited distinct MFC behaviors (hypsochromic and

bathochromic shifts). The introduction of bulky tert-butyl groups in 2,7-position ((£)-

Ethyl-3-(2,7-Di-tert-butylpyren-4-yl)acrylate) also induced the shifted overlapping of

pyrene moiety in pristine form and suppressed the thermal back reaction in ground form.

These characteristic MFC behaviors of pyrene-derived acrylates are discussed on the

basis of emission spectra and decay times in pristine and ground forms.

Keywords: solid-state luminescence * pyrene dye ¢ organic materials

mechanofluorochromism ¢ polymorphism



Introduction:

Emission color change upon mechanical stimulation, so-called mechanofluorochromism
(MFC), and has attracted attention especially in the last ten years. A growing number of
MFC molecules including organic and organometallic compounds has been reported,!!-¢]
and stress-sensitive dyes/polymer composites have also been developed as MFC

materials.[”-®

I Fluorescent planar cores with mobile branches, such as m-aromatic systems
with rotational alkyl groups, are generally recognized as promising chemical structures
to host MFC properties. Our groups have explored the synthetic diversity of pyrene
derivatives and demonstrated the fluorescence properties both in solution and in the solid

121 The solid-state fluorescence of pyrene derivatives is getting more common

state.!
recently, and several examples of MFC with planar/branch structural features have been
reported.['3-18] Therefore, it is of great interest to establish a new library of organic MFC
materials by investigating their dynamic photophysical properties in solid state. As a
series of our reported pyrene derivatives, we here focused on C-1- and C-4-alkenylated
pyrenes with and without zert-butyl groups for their solid-state blue/green fluorescence

(1] Since these fluorescent molecules bear a planar

properties up to 0.35 quantum yields.

unit with chain-like side groups, the emission color change is expected to be accompanied

by intermolecular arrangement changes. In addition, systematic MFC study on the



compounds w/ and w/o specific chemical groups and positional isomers would provide a
clue to correlate the steric structures and MFC properties.

We here report the MFC of C-1- and C-4-alkenylated pyrenes ((£)-Ethyl-3-(Pyren-1-
ylacrylate: 1, (E)-Ethyl-3-(Pyren-4-yl)acrylate: 2, respectively) to investigate the
positional effect of substituents on mechanical properties. C-4-Alkenylated pyrene with
tert-butyl groups in 2,7- positions ((£)-Ethyl-3-(2,7-Di-tert-butylpyren-4-yl)acrylate: 3)
is also introduced to investigate the steric effect on MFC properties. The target molecules
were prepared following the reported synthetic methods.!'!! As-synthesized powder
samples are defined as pristine condition. To study the spectroscopy of the ground form,
a quartz plate was directly scratched with a pestle immediately after grinding of the
powder (Figure 1). Photophysics in the solid state has been reinvestigated compared to
our previous work to take into account the mechanofluorochromism of these compounds

and their solid-state back reactions.
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Figure 1. Chemical structures and an illustration of sample preparation of ground pyrene-

derived acrylates (1-3) for spectroscopy.

Results and Discussion:

In order to gain insights on the molecular electronic transitions responsible for light

absorption in this series of compounds, we performed DFT and TD-DFT calculations on

1-3 at the B3LYP/6-31+G(d,p) level of theory using an implicit [IEFPCM solvent model

for CHCIs. The electronic transitions and corresponding involved molecular orbitals of

1-3 in chloroform solution calculated by time-dependent DFT are depicted in Figure 2,

Figure S1 and Table S1 (Supporting Information). For the frontier molecular orbitals

HOMO and LUMO, the electron density is not only localized on pyrene but also on the

acrylate group. The C-1/C-4 substitutional positions show different m-conjugation of the



acrylic chain with the pyrenyl moiety of 1 and 2, and fert-butyl groups at 2,7- positions

slightly vary the electron density distribution of 2 and 3. For the three compounds, the

first electronic transition So—S1 corresponds to a HOMO—LUMO transition, associated

with a high oscillator strength. Comparison of the data for the three compounds

corroborate the lowest energy absorption band of 1 and similar photophysical properties

between 2 and 3 observed for isolated molecules in CHCl3.[!!]
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Figure 2. Optimized geometry and HOMO and LUMO orbitals involved in the So-Si
transitions for compounds 1 (left), 2 (middle) and 3 (right), obtained by DFT and
TD-DFT calculations at the B3LYP/6-31+G(d,p) level (IEFPCM CHCIls solvent
model).

The solid-state excitation/emission spectra of 1-3 are summarized in Figure 3. Green or

blue fluorescence of pristine 1-3 is observed as reported before (Figure 3, black line).

Upon mechanical grinding, all of these compounds were found to show MFC (Figure 3,



blue line). In order to take into account the spectral shape modification upon mechanical
stimulation, fluorescence color change was estimated using the mean wavelength shift
(44 = Amean,ground — Ameanpristine, 44 < 0: hypsochromic shift, 44 > 0: bathochromic shift)
with Amean defined by equation (1):

mean = BB, ()

where [r(4) is the intensity of the emission spectra. The difference of the mean
wavelengths before and after grinding is estimated to be A4 = —22, +28 and +18 nm (4v
=+750, 1050, =650 cm™ ') for 1, 2 and 3, respectively (Table 1). According to the crystal
information file (CIF),!'! 1 forms strong intermolecular interactions due to the close face-
to-face m-m stacking (< 3.5 A) and small distances between the center of gravity in
neighboring parallel pyrene units (deenter-cener = 4.02 A), which represents the large
overlapping of pyrene moieties (see Figure S2 in Supporting Information). The
hypsochromic shift of 1 upon grinding can be explained by the isolation of these
molecules with decreased intermolecular interactions.!'” On the other hand, 3 avoids
overlapping of the fert-butyl groups, resulting in larger distances between pyrene units
(dcenter-center = 6.19 A). New intermolecular interactions created upon grinding may cause

the bathochromic MFC of 2 and 3.?°2!) When comparing the relative contribution of two

excitation bands in visible (425-450 nm) and ultraviolet regions (~ 360 nm), which were



attributed to the aggregated and monomer conformations in the ground state,
respectively,!'! the former is less pronounced after mechanical grinding than in pristine
form. Therefore, the aggregated conformers such as preformed dimers in the ground state

of pristine forms is partially dislocated by mechanical grinding.
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Figure 3. Excitation/emission spectra of a) 1, b) 2 and ¢) 3 in solid state (black: pristine,
blue: ground, red: 30 min after grinding at RT, green: another 30 min at 50°C, Aex
= 360 nm, Aobs = 520 nm), and corresponding pictures of pristine/ground forms
under UV irradiation (dex = 365 nm). Arrow indicates the shift upon mechanical

grinding.



Table 1. Sample state and corresponding mean emission wavelength

Sample statel® 1 2 3

Pristine / nm 557 500 506
Ground / nm 535 528 524
30 min at RT /nm 537 514 519
30min at RT + 30min at 50°C /nm 534 522 518
Total shift 44 at RT™ /nm 22 +28 +18

[a] All samples were treated at room temperature. [b] Total shift 42 = Amean,ground —

imean,pristine.

Since the fluorescence color recovery was observed for 2 and 3, we followed the back

reaction behavior to consider the molecular rearrangement in solid state (Figure 3 and

Table 1). The ground samples were let sit at room temperature for 30 min (Figure 3, red

line) and at 50°C for another 30 min (Figure 3, green line), and the corresponding

emission spectra were recorded to consider the solid-state back reactions. The little

spectral change in 1 at room temperature and at 50°C indicates the existence of another

stable and relaxed conformation with reduced intermolecular interactions. On the contrary,

the main emission band of the pristine form of 2 (~ 470 nm) recovers in 30 min at room

temperature and the relative contribution of the emission bands at 510 nm decreases at

the same time. Further heating at 50°C gives an intermediate spectrum between ground

form (blue line) and 30 min after grinding at room temperature (red line). 3 showed

limited back reaction at room temperature and another 30 min of heating at 50°C gave

additional spectral shift; however, the original spectral profile was not recovered.



Therefore, the bulky tert-butyl groups are considered to hinder the rearrangement of the
original molecular conformation in solid state.

For further investigation of the photophysical properties, time-resolved fluorescence
measurements of 1-3 were conducted at three distinct emission wavelengths. The
fluorescence decays in pristine form were re-measured by using a quartz cell with 0.2
mm-deep hole in order to avoid any mechanical stimulation. Global analysis was
successfully converged using a discrete multi-exponential decay model for all sets of
three decays of each sample. The estimated lifetimes 7, corresponding pre-exponential
factors a and fractions of intensity fare summarized in Table 2 (see Table S3 in supporting
information for full sets of data).

Four components were necessary to fit the fluorescence decays at any emission
wavelengths for 1-3. Despite more sophisticated models exist, such as distributions of
decay times which may cover the wide variety of molecular species and packings
modes,?”) we decided to adopt a sum of four discrete exponentials to fit the obtained
decay curves, since this robust model gave satisfactory fits and provided useful

information about the excited-state kinetics of 1-3.



Table 2. Emission decay time-constants () and corresponding pre-exponential factors
(a) and fraction of intensity (f). (dex = 360 nm, Aem = 530/500 nm for 1, Zem = 500/500 nm
for 2, Aem = 500/510 nm for 3, in solid state before/after grinding). * shows a small

component (absolute value < 0.01) required to obtain a satisfactory fit.

T1 T 73 T4

(a1, 1) (a2, 12) (a3, f3) (as, f2)
1 12 5.6 2.5 0.85
pristine (0.13, 0.26) (0.76, 0.70) (0.11, 0.04) (—0.17,-0.02)
1 26 93 3.1 0.46
ground (0.03,0.17) (0.29, 0.54) (0.43, 0.26) (0.25, 0.02)
2 11 44 2.1 0.15
pristine (0.02, 0.05) (0.51, 0.68) (0.43, 0.27) (0.05, *)
2 23 8.0 2.1 0.41
ground (0.04, 0.26) (0.20, 0.47) (0.36,0.21) (0.40, 0.05)
3 8.4 3.1 1.3 0.33
pristine (*, 0.06) (0.15, 0.40) (0.35,0.39) (0.49, 0.14)
3 28 13 4.1 0.61
ground (0.14, 0.35) (0.44, 0.54) (0.27,0.10) (0.15, %)

Before grinding, the fast decay components of 2 and 3 (7 < 4.4 ns) correspond to the vast

majority of emitting species (a2 + as + a4 = 0.99) and fluorescence intensity (f2 + /3 + fa >

0.93), which represents the blue-emitting monomers due to the larger proportion in

shorter wavelength. On the other hand, relatively large contribution of longer decay

lifetime (71 = 12 ns) accompanying a fast decay component (z4 = 0.85 ns) with a negative

pre-exponential factor (a4 = —0.17) is recognized for 1, which represents the dynamic

excimer formation. Preformed aggregates caused the large contribution of 72 (5.6 ns) in



the red part of the spectrum (f2 = 0.52-0.75 at Aem = 500-560 nm). Much longer emission

decay-times (r = 26, 23 and 28 ns for 1, 2 and 3, respectively) appear after mechanical

grinding without detectable rise times (eventually with rise times much shorter than the

time-resolution of our instrument), which indicates the formation of another excited

species such as preformed excimers. The two short components (73 and 74 < 3.1 ns),

appearing as rise times at longer emission wavelength in the pristine form of 1, contribute

as decay times in its ground form. It would be related to the decreased intermolecular

interactions as already mentioned. Two short components of 2 and 3 (73 and 4, pristine

form) arising from the blue-emitting monomers are also identified after grinding. Because

of the remained shoulder bands in shorter wavelengths and the fast back reaction after

grinding (Figure 3b and 3c, blue lines), the formation of aggregated molecules would be

partially and temporarily allowed for 2 and 3, which was initially in monomeric

conformation with large dislocation between neighbouring pyrene units. The further red-

shifted emission spectra of molten samples without shoulder bands (Figure S4b and S4c

in Supporting Information, black lines) also support that the mechanical grinding does

not fully convert the molecular arrangements.

Interestingly, a blue-emissive powder of 1 was also identified by fast recrystallization

from dichloromethane, which showed similar fluorescence as pristine 2 and 3 with



structured narrow emission bands at around 470 nm (Figure 4b black line). The as-
mentioned sample with green fluorescence is described as 1-green, and the newly found
blue-fluorescent form is denoted as 1-blue hereafter. Unfortunately, the quality of crystals
for 1-blue was not enough to perform single crystal X-ray analysis. According to the
powder X-ray diffraction (XRD) measurements, 1-green was identified as previously
reported orthorhombic crystal system with strong n-r interactions, while 1-blue showed

distinct diffraction patterns (Figure 4d).
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Figure 4. Excitation/emission spectra of a) 1-green and b) 1-blue (Aex = 360 nm, Aobs =



520 nm, black: pristine, blue: ground, red: 30 min after grinding at RT, green:
another 30 min at 50°C), and corresponding pictures of pristine/ground forms
under UV irradiation (dex = 365 nm). c¢) Fluorescence decay curves of 1-blue
pristine (Aem = 480 nm, solid blue line), 1-green pristine (lem = 530 nm, solid green
line) and 1 ground (dem = 510 nm, dashed blue line) excited at 360 nm. d)
Experimental powder X-ray diffraction patterns of 1-blue (blue line) and 1-green
(green line), and simulated one (black line) of 1 based on the previously reported
CIF file (Co tube, A =1.79026 A).l!!]

Contrary to the constant contribution of the longest decay-time (71 = 12 ns) of pristine 1-
green at all emission wavelengths, the longest component (71 = 9.2 ns) of pristine 1-blue
is more dominant at longer Aem region but still in minor fraction of intensity (see Table S4
in Supporting Information). The contribution of the shorter components (< 2.4 ns) also
decrease when Aem increases (f= 0.98 and 0.82 at 450 and 510 nm, respectively). Thus,
1-blue may be dominated by the blue-emitting monomer with a small fraction of
preformed aggregated form as is the same for 2 and 3 in pristine form. Therefore, the
crystal packing structures of 1-blue, 2 and 3 are expected to be similar with small
contribution of face-to-face contacts, and the preformed-aggregated-like molecules
would be formed under the condition of grinding. Indeed, 1-blue exhibited bathochromic
shift under grinding like 2 and 3, and the structureless spectral profile centered at around
510 nm is also quite similar to that of 1-green in ground form (Figure 4, highlighted with

green bar). The original fluorescence of 1-blue was not recovered due to the slight



thermal back reaction at room temperature, and further heating at 50°C (Figure 4, green
line) didn’t accelerate the back reaction anymore. The emission lifetimes and even the
contribution of emitting species and the fraction of intensity exhibited quite similar trends
among these polymorphs in ground form (Table S4 and Figure 4c). Therefore, 1-green
and 1-blue are considered to form the same metastable conformations in amorphous
phase, whatever the initial structure is. The series of pyrene derivatives potentially
possess metastable molecular conformations close to the forms obtained by mechanical
grinding, which has also been described as polymorphs-driven MFC in some studies.!>*"
251 We here summarize the results by categorizing the properties into three types; i) blue
form (1-blue, 2-3 pristine) dominated by monomers (short 7 < 4.4 ns) and minor
proportion of preformed aggregates, ii) green form (1-green) which allows the formation
of dynamic excimers with rise-times (¢ < 0) and iii) ground form (1-3 ground) with

randomized monomers and long-lived dimers (7 > 23 ns).

Conclusions:

In conclusion, we reported the mechanofluorochromism of pyrene-derived acrylates. C-
4-alkenylated pyrene (2) and one with bulky terz-butyl groups in 2,7-position (3) showed

monomer-like emission in pristine form due to the lack of columnar face-to-face stacking.



The bathochromic shift of these compounds upon grinding indicated the increased
intermolecular interactions. C-1-alkenylated pyrene was found to form two types of
polymorphs (1-blue and 1-greemn) with monomer-like and dynamic-excimer-like
emission in pristine condition. A pair of bathochromic and hypsochromic shift upon
grinding resulted in quite similar spectroscopic features with slight back reactions which
suggested the same metastable conformation in amorphous phase whatever the starting
state. Further investigation based on crystallography would greatly advance these MFC
studies in terms of fundamental understandings and molecular designs for colour-

controlled MFC.

Experimental Section

Compounds 1-3 were synthesized and purified according to the earlier published
procedure.['!) Pristine powders were prepared by repeated crystallization from hexanes
(1-green) and evaporation of the dichloromethane solutions obtained by chromatography
(2 and 3), respectively.

Optical Measurements: Emission and excitation spectra of pristine powder samples were
recorded on a HORIBA Jobin-Yvon Fluorolog FL3-221 spectrometer using a short path

length optical quartz cell (20/C/Q/0.2, Starna), and the spectra were corrected for the



response of the detector system. The pristine powder was ground using an agate mortar,
and the resulting amorphous solid adhered on a pestle surface was immediately
transferred to a quartz plate to record the spectra and minimize the effect of back reaction
at room temperature. Fluorescence decay profiles were obtained by time-correlated
single-photon counting (TCSPC) method with titanium:sapphire laser (Tsunami, Spectra-
Physics) pumped by a doubled Nd:YVO4 laser (Millennia Xs, Spectra-Physics). Light
pulses at 720 nm was selected by an acousto-optic crystal at a repetition rate of 4 MHz,
and then doubled at 360 nm by nonlinear crystals. Fluorescence photons were detected at
90° through a polarizer at the magic angle and monochromator, by means of a Hamamatsu
MCP R3809U photomultiplier, connected to a SPC-630 TCSPC module from
Becker&Hickl. The instrumental response function was recorded before each decay
measurement with a fwhm (full width half maximum) of 860 ps. The fluorescence data
were analyzed using the Globals software package developed at the Laboratory for
Fluorescence Dynamics at the University of California, Irvine, which includes reconvolution
analysis and global non-linear least-squares minimization method.

Crystallography: Powder XRD patterns were recorded on a Bruker D2 PHASER with a
Si single crystal plate (Co tube, 1 = 1.79026 A).

Computational calculations: The geometry of compounds 1-3 was fully optimized using



the Becke-3-Lee-Yang-Parr (B3LYP)?®! exchange functional with the 6-31+G(d,p) basis
set, including IEFPCM solvent model for CHCI3, as implemented in the Gaussian 16
software package, Revision B.01.?7 The absence of negative frequencies was checked to
ensure true energy minima. Franck-Condon energy transitions, oscillator strengths, and
involved molecular orbitals were calculated using the time-dependent DFT formalism
(TD-DFT) with the same functional and basis set.

DSC measurements were performed on a DSC 25 Discovery series (TA Instruments)

instrument, with a 10°C/min scan rate.
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