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A series of donor—acceptor—donor (D—-A-D) pyrene (Py) 2,7-position-based compounds (CN, F, H, Me,
and OMe) were designed and synthesized to demonstrate facile intra- and intermolecular charge
transfer control by an electron push—pull effect for an efficient mechanofluorochromic (MFC) material.
An examination of the photophysical properties of CN—OMe revealed that the locally excited (LE) and
intramolecular charge transfer (ICT) state of the compounds were modulated finely by the electron
push—pull substituent effect. In addition, it is noteworthy that the CN emission originated only from the
LE state despite the D—A—D molecular system. Moreover, we confirmed that the selective LE and/or ICT
state modulation affects intra- and intermolecular charge transfer control in the solid-state emission. In

Received 3rd May 2021, particular, this intra- and intermolecular charge transfer control is directly dominated by MFC

Accepted 10th June 2021 phenomena, which means that the molecular electron push—pull substituent effect is dependent on
DOI: 10.1039/d1ma00407g MFC behavior. As a result, this study shows that as the electron-withdrawing group ability increases, the

intramolecular interactions become insufficient and induce strong intermolecular D-A interactions for
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Introduction

Mechanofluorochromic (MFC) organic materials based on an
electron donor (D) and electron acceptor (A) are attracting
considerable attention because of their unique optical charac-
teristics and various applications such as mechanical sensors,
deformation detectors, security inks, memory chips, and optical
data storage devices."® MFC organic materials can convert the
emission wavelength under external physical stimuli (grinding,
pressing, crushing, or rubbing) in the solid-state and can return
to their original state by annealing or solvent fuming; this
phenomenon can be switched repeatedly. MFC organic materials
depend greatly on the transformation of the molecular packing
mode, which can occur between the crystalline state and
amorphous state or between two different crystalline states.

Department of Chemistry and Institute of Natural Science, Daegu University,
Gyeongsan 38453, Republic of Korea. E-mail: krwee@daegu.ac.kr

i Electronic supplementary information (ESI) available: NMR spectra; GC-MS
data; X-ray crystallographic data of CN, F, and Me; PXRD of CN, F, and Me;
absorption and emission spectra of TPA donor and pyrene acceptor; absorption
and emission spectra in various solvents and solid state; emission lifetime
profile; Lippert-Mataga plots and dipole moment values; femtosecond transient
absorption spectroscopic data; CV; HOMO and LUMO energy; DFT/TD-DFT
calculation results. CCDC 2060789 (CN), 2060790 (F), 2060791 (Me). For ESI
and crystallographic data in CIF or other electronic format see DOI: 10.1039/
d1ma00407g
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stabilizing molecules, leading to high MFC efficiency that is reversibly repeated several times.

A complicated intermolecular interaction affects the molecular
packing mode, such as m-rn, hydrogen bonding, and dipole-
dipole interactions, making it difficult to predict the properties
of MFC organic materials.”*° Hence, although the development
of an excellent MFC organic material is meaningful, there is no
clear strategy for the rational molecular design of MFC organic
materials. Recently, it was reported that the twisted
conformation,"" ™ the alkyl chain length,"”"” and the D-A
structure”'®2° directly affect the performance of MFC organic
materials. However, a prototypical strategy is required to design
new MFC organic materials (e.g., simple, planar, and D-A-D
structures) that meet the basic concepts mentioned above and
are not limited to these influencing factors. Since the solid-state
optical properties largely depend on the molecular packing
mode, the properties of the MFC organic material can be
predicted if the molecular packing mode can be easily
controlled. Therefore, in order to control the molecular packing
mode for designing new MFC organic materials, it is necessary to
understand the correlation between intra- and intermolecular
interactions.

This paper presents a novel strategy for the facile intra- and
intermolecular control using triphenylamine (TPA) and pyrene
(Py) units. TPA is a very popular building block for constructing
optoelectronic materials because of its excellent electron donor
and hole transport properties.”’>* The nonplanar molecular
structure of TPA can induce MFC properties (i.e., facilitate
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rearrangement of the crystal packing structure upon the
application of mechanical stimuli).>>*® As a polycyclic aromatic
hydrocarbon, Py is used widely as a classic flat molecule to
facilitate a high quantum yield, long fluorescence lifetime, high
thermal stability, and high charge carrier mobility.>**
The photophysical properties of Py depend on the substitution
positions in the Py ring, including the active sites at the 1-, 3-, 6-,
and 8-positions;**® the K-region sites at the 4-, 5-, 9-, and
10-positions;** "' and the inactive sites at the 2-, and
7-positions.***™** Among the various positions of Py, the
2,7-positions were selected as the target positions for three
reasons. (i) when constructing a planar molecular structure with
MFC properties, substitution at the 2,7-positions of Py improves
the planarity of the molecular structure. (ii) Substitution at the
2,7-positions of Py is synthetically challenging because of the
presence of the nodal plane in the HOMO and LUMO,*>*® so
there are few reports on the structure-property relationship and
MFC properties of Py derivatives functionalized at 2,7-positions.
(iii) Because Py possesses a large planar m-conjugated aromatic
system, it has strong n-m stacking, causing the quenched
emission in the solid state,>>"” but the problem can be over-
come, and various fluorescence states can be induced through
the appropriate combination of TPA and Py. Cyano-substituted
organic molecules have been found to exhibit obvious emission
color changes under mechanical stimuli.*®*">> On the other hand,
further understanding of the interactions between the MFC
properties and single-molecule photophysical properties for
cyano-substituted organic molecules could be key in the application
of an efficient MFC material. Therefore, the correlation between the
electron push-pull substituent effect and MFC properties was also
investigated by expanding the substituted R group (R = CN, F, H,
Me, and OMe) at the para-position of TPA.

In this study, to prove the electron push-pull substituent
effect on the single molecular photophysical properties and
MFC properties, Py 2,7-position-based D-A-D compounds were
designed and synthesized. Interestingly, femtosecond transient
absorption (fs-TA) spectroscopic results showed that the emission
origin of Py 2,7-position-based D-A-D compounds was controlled
by the electron push-pull substituent effect. X-ray crystallographic
analysis revealed these photophysical properties and MFC
properties to be closely related. These results are helpful for better
understanding the influence of the electron push—pull substituent
effect on the MFC phenomenon and provide structural insight
into the design of new Py 2,7-position D-A-D compound-based
MFC materials.

Results and discussion
Synthesis

Scheme 1 shows the synthetic procedure for a series of pyrene-
based D-A-D compounds. First, direct borylation of pyrene at
the 2 and 7 positions was performed in situ via a reaction of
[{ir(n-OMe)cod},] with 4,4’-di-tert-butyl-2,2’-bipyridine (dtbpy)
according to a previous report.> As an electron donor, the
functional R group (R = CN, F, H, Me, and OMe) at the para
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Scheme 1 Synthesis of pyrene 2,7-positions based D—-A-D compounds.

position and bromo-substituted triphenylamine derivatives were
prepared using previously reported procedures.>® Pyrene-based
D-A-D compounds were then synthesized by the palladium-
catalyzed Suzuki-Miyaura coupling reaction using 2,7-
bis(Bpin)pyrene (pin = OCMe,CMe,0) with two molar ratios of
bromo-substituted p-(R)-triphenylamines (R = CN, F, H, Me, and
OMe). All compounds were purified by silica gel column chro-
matography with yields ranging from 16 to 53%. The molecular
structures of all products were determined by "H- and "*C{'H}-
nuclear magnetic resonance (NMR) spectroscopy, elemental
analysis, and mass spectrometry (Fig. S1-S11, ESIt). Finally, the
structures of CN, F, and Me were authenticated by single-crystal
X-ray crystallography (Fig. S12-S14, ESIf). The Experimental
section and ESIf provide details of the synthetic procedures and
characterization data.

Theoretical characterization and electrochemical properties

To consider the optical properties of pyrene derivatives, density
functional theory (DFT) and time-dependent density functional
theory (TD-DFT) calculations were performed at the B3LYP
6-31G (d,p) level. In all the compounds studied, the highest
occupied molecular orbital (HOMO) was largely distributed on
the TPA moiety, and the lowest unoccupied molecular orbital
(LUMO) was strongly localized on the Py moiety (Fig. S34 and
S35-S39, ESIt). These changes in the orbital distributions of the
HOMOs and LUMOs showed that charge transfer occurs from
the TPA to Py in the excited state. The experimental HOMO
energy levels could be determined from the oxidation onset
potentials from the cyclic voltammetry (CV) curves (Fig. S15,
ESI{), and the HOMO energy levels of OMe-CN were estimated
to be ca. —5.44 to —5.92 eV. Because no cathodic reduction
processes were measured, the experimental LUMO energy levels
were estimated to be ca. —2.48 to —2.70 eV from the optical
band gaps calculated from the edges of the absorption spectra
and HOMO energy levels. The calculated HOMO energy levels
ranged from —4.55 to —5.77 eV, and the calculated LUMO
energy levels ranged from —1.39 to —2.01 eV (Table S4, ESIf).
The calculated values were higher than the experimental values
for all compounds, but the tendencies were similar. These
results show that an increase in the electron-donating
ability destabilizes the HOMO more than the LUMO, thereby
narrowing the bandgap and producing a red-shift in the
absorption spectrum from CN to OMe. The electron push—pull
effect of the para-substituents of triphenylamine on the HOMO
and LUMO levels is also explained as a function of the
Hammett substituent constants (a,).>° Fig. S16 (ESI}) shows
that, the HOMO and LUMO energy levels change according to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the o}, values with a good linear correlation and the slope of the
HOMO was larger than that of the LUMO. These results show
that the substituent effect has a greater impact on the HOMO
levels than the LUMO levels, resulting in a tuning of the
bandgap. For all compounds, the lowest-energy singlet transition
involved the LUMO « HOMO transitions, all of which were
ICT transitions from the TPA to Py. This transition shifting
theoretically followed the order, CN (381 nm), F (411 nm), H
(415 nm), Me (425 nm), and OMe (442 nm), which is consistent
with the electron push-pull substituent effect (Fig. S40-S44 and
Table S16-S20, ESIY).

Photophysical properties

Fig. 1 shows the steady-state UV-visible absorption and emission
spectra of CN—-OMe, and the spectral parameters are summarized
in Table 1. In the UV-visible absorption spectra, all pyrene-based
D-A-D compounds showed relatively weak absorption band in the
range of 250-300 nm, which was attributed to a locally excited
(LE) transition of the TPA and Py moieties. All compounds
exhibited a strong absorption band with a vibrational progression
corresponding to the S, « S, excitation at approximately 345 nm,
which is characteristic of the S, < S, excitation (LE transition)
of pyrene itself, called a “pyrene-like” transition (Fig. S17, ESI{).*>
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Fig. 1 (a) Optical absorption and (b) emission spectra of CN-OMe in
CH,Cl,. Insets: Photographs of CN-OMe in CH,Cl, solution under UV
irradiation at 365 nm.
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In addition, all compounds produced a weak absorption shoulder
corresponding to the S; « S, excitation at ~362 nm, which was
attributed to intramolecular charge transfer (ICT) transition from
the para-substituted TPA to the Py moiety. In particular, the ICT
transition in the absorption spectra showed a gradual red-shift in
the order CN < F < H < Me < OMe, and the absorption
intensity of the CT band also increased gradually. This indicates a
strong electronic coupling between the para-substituted TPA and
Py, as the electron-donating ability increases in the ground state.
In addition, despite Py substitution at the 2,7-positions, the result
agreed well with the substituent effect in the ground state. In the
emission spectra, the emission maxima of the pyrene-based
D-A-D compounds ranged from 421 to 522 nm in CH,Cl,
solutions with a systematic bathochromic shift in the order
CN < F < H < Me < OMe (Fig. 1b), indicating that the energy
band gap was fine-tuned between the ground and excited states by
the electron push-pull substituents. Fluorescence quantum yield
(®5) measurements were conducted in CH,Cl, to investigate the
properties of the excited state for the compounds CN-OMe. The
quantum yields for the compounds were in the range of 0.1-0.06,
all being lower than that of pyrene (@ = 0.28, in CH,Cl,),*°
because of the deactivation pathways from the excited state,
caused by the weak m-conjugated of pyrene 2,7-positions and
the rotational motion of the phenyl rings of the donor moiety.
Fluorescence lifetime measurements were performed using the
time-correlated single-photon counting detection (TCSPC)
method (Fig. $29-S31, and Table S8, ESIt), and the fluorescence
lifetimes increased with the increasing electron-withdrawing
ability of the substituents. These results can be mainly by the
radiative and nonradiative decay rate constants (kg and k),
which were calculated from the @¢and g values (Table 1). The k;aq
values of all compounds were similar, while the k, value
increased with increasing electron-donating ability, which means
that the k,, value is controlled by the electron effect of the
substituents. In addition, the k., value of all compounds was
larger than k,,q, indicating that the weak n-conjugated structure of
the 2,7-positions of pyrene favors nonradiative decay. To examine
the properties in the solid state, thin-film absorption and emis-
sion spectra were also measured (Fig. S18, ESIf). The thin-film
absorption and emission spectra of CN-OMe exhibited red-shifts
compared to the corresponding spectra in an n-hexane solution,
suggesting that pyrene-based D-A-D compounds formed
J-aggregates.>”

As shown in Fig. S26 (ESIT), the emission spectra of F-OMe
showed a hypsochromic shift in methanol, a strong polar
solvent, but CN did not show this phenomenon due to the
protic solvent. To investigate their intermolecular interaction
by the protic solvent, the aggregation-induced PL spectra of
pyrene 2,7-positions based D-A-D compounds were measured
(Fig. S19, ESIt) in THF/water mixtures with different water
volume fractions (f,,). As the f, increased from 10 to 60%, the
emission spectra of F-OMe exhibited a gradually reducing PL
intensity and a red-shifted emission peak (465, 471, 486, and
556 nm at f,, = 60%, respectively), which was attributed to the
stabilized CT states resulting from an increase in the polarity of
the solvent mixture. As the f,, increased from 70 to 90%, the

Mater. Adv,, 2021, 2, 5371-5380 | 5373
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Table 1 Photophysical properties of CN, F, H, Me, and OMe
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Jabs (NM) Jem (M)

Sol” Film’ Sol” Film”  Stokes Shift (cm™)  &¢ 7 (ns) krad® X 107 (571 kn® x 107 (57Y)  Kraa/knr
CN 357 376 421 453 4258 0.10 20.3 0.50 4.43 0.11
F 360 358 460 465 6039 0.11 8(31), 19.6 (69)  1.24, 0.56 10.13, 4.56 0.12, 0.12
H 362 357 467 467 6211 0.11 2 (29), 17.8 (71) 1.52, 0.61 12.41, 5.02 0.12, 0.12
Me 363 352 481 468 6758 0.092 9.2 (37), 15.6 (63) 0.99, 0.59 9.82, 5.81 0.10, 0.10
OMe 365 348 522 475 8240 0.060 8.6 (35), 16.1 (65) 0.70, 0.37 10.98, 5.84 0.06, 0.06

@ Measured in CH,Cl, at room temperature (RT).  Measured from a drop-casted film on glass. Double exponential factors scaled to 100 and given
in parentheses. ¢ Fluorescence quantum yields, with 9,10-diphenylanthracene (®; = 0.95, ethanol) as the standard, in CH,Cl, at RT. ¢ Fluorescence

lifetime measured in CH,Cl,. ¢ Values of kg and k,, were calculated using k;.q = @¢/tr and kn, = (1/15)

emission spectra of F-OMe showed a more pronounced vibronic
structure, and blue-shifted emission peaks were observed at
approximately 450 nm. These results were attributed to the
formation of aggregates in the THF/water mixtures with
fw > 60%. Generally, as the water volume fractions increase,
aggregates are formed, resulting in a bathochromic shift,’® so a
blue-shift in the aggregated state is uncommon. In particular, in
the emission spectrum of CN, when the f,, was increased from 10
to 60%, showed neither a red-shift due to CT state
stabilization nor an unusual blue-shift due to the formation of
aggregates when the f,, > 60% were also observed. Therefore,
from the observations, despite the D-A-D molecule, CN is
unaffected by a protic solvent, suggesting that CN does not have
an intermolecular interaction in the solution state.

Mechanofluorochromic properties

As shown in Fig. 2a and b (Fig. S20 and Table S6, ESIf), the
pristine powder of CN-Me showed emission peaks/shoulders at
432/446, 437/450, 450, and 449 nm, respectively. Upon grinding,
the emission profiles exhibited a bathochromic shift with
emission peaks/shoulders at 440/456, 444, 466, and 453 nm for
CN, F, H, and Me, respectively, mostly accompanied by a broader
emission band than that of the pristine powder. These results

— kyaq, respectively.

imply that the internal space between molecules is collapsed by
mechanical stimulation, and the packing morphology is
changed, resulting in stabilization of the CT state. After exposure
to acetone vapor, the emission spectrum of CN showed peak/
shoulder at 430/448 nm, which means that the emission of
ground powder has been restored to its original condition,
indicating the reversibility of mechanofluorochromism.
Although not as much as CN, the emission band of F almost
returned to its original shape by acetone fuming with an emis-
sion peak/shoulder at 430/448 nm. On the other hand, the
ground powder of H did not perfectly revert to the pristine
unground state emission after fuming with acetone vapor and
showed an emission maximum at 458 nm, which was red-shifted
compared to that of the pristine powder. Similarly, when the
ground powder of Me was fumed with acetone vapor, the
emission maximum (450 nm) was similar to that of the pristine
powder, but a broader emission band and large FWHM were
observed compared to the pristine powder. This means that the
ground powder of Me does not perfectly return to its original
state. In the case of a strong electron-donating group OMe, OMe
showed an emission peak at 481 nm. Moreover, the emission
spectrum of OMe remained unchanged even during the grinding
and acetone fuming procedures, suggesting that OMe does not
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Fig. 2 Emission spectra of (a) CN, and (b) OMe in different solid-state: pristine, ground, and fumed powder. Reversible switching of emission of pristine
powder (c) CN, and (d) OMe by repeating grinding-acetone fuming cycles. (e) Fluorescent images of filter papers loaded with CN-OMe were written with
the letter ‘D', fumed with acetone vapor, and rewritten with the letter ‘U’ under a 365 nm UV lamp.
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possess MFC properties. Furthermore, as the electron-
withdrawing ability increased, the emission color indicated that
the transition between two different states could be repeated
reversibly many times without a fatigue response by the repeated
grinding and acetone fuming treatments (Fig. 2¢, d and Fig. S21,
ESIt). Based on these results, the MFC properties of the Py 2,7-
position-based D-A-D compounds showed excellent reversibility
of the mechanofluorochromic processes as the electron-
withdrawing ability was increased. Hence, the mechanofluoro-
chromism was well controlled by the electron push-pull
substituent effect.

Based on the MFC properties of the Py 2,7-position-based
D-A-D molecules, the mechanofluorochromism in potential
applications for mechano sensors and security inks was
compared visually. The powder of CN-OMe was dispersed on
the filter paper as a thin-film, and upon excitation by UV lamp
(365 nm), exhibited light violet emission for CN, blue emission
for F, sky blue emission for H, light blue for Me, and blue-green
emission for OMe (Fig. 2e). The letter “D’’ was written on the
thin film with a spatula as a pen. For CN-Me, when viewed with
the naked eye, the letter emitted bluish fluorescence compared
to the background color, highlighting the red-shift of the PL
spectra due to grinding. In contrast, for OMe, the letter emitted
blue-green fluorescence similar to the background color. As the
electron-withdrawing ability increased, i.e., going from Me to
CN, the letter “D” was erased quickly and easily using acetone
vapor as an eraser. In the case of OMe, there was no change,
such as that the letter “D” was erased. The letter “U” was
rewritten on the thin-film and was observed distinctly as the
electron-withdrawing ability was increased, which was affected

View Article Online
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by the degree of erasing the letter “D”. These results visually
show that the mechanofluorochromism increases with increasing
electron-withdrawing  ability, indicating a  proportional
correlation.

The absorption and emission spectra of the poly(methyl
methacrylate) (PMMA) thin film were measured to determine
if the origin of the MFC behavior of the Py 2,7-position-based
D-A-D compounds was due to a rigid single molecular in the
solid state or an intermolecular interaction (Fig. S22 and S23,
ESIT). The absorption and emission spectra of the 1 wt% doped
PMMA films showed a red-shift as the electron-donating ability
increased, which was in agreement with the electron push-pull
substituent effect. PMMA film emission maxima of CN-OMe
were observed at 419, 430, 430, 437, and 448 nm with a broader
emission band than in a n-hexane solution. In particular, the
PMMA film emission spectra of CN—-OMe were similar to that of
the n-hexane solution with single molecular properties than
that of the pristine powder, meaning that the MFC behavior
originates from intermolecular interactions.

Powder X-ray diffraction (PXRD) of the pristine state and the
single-crystal X-ray diffraction were conducted for CN, F, and
Me to gain insight into the MFC behavior of the powder state.
As shown in Fig. S24 (ESIt), the PXRD patterns of the pristine
powder samples showed sharp and intense diffraction peaks in
the range of 5°-50°, suggesting that these compounds are the
microcrystalline structure in the pristine powder state. The
PXRD patterns of the pristine powder of the three compounds
were similar to single-crystal X-ray diffraction powder patterns.
In particular, for F, the PXRD pattern of the pristine powder
corresponded almost perfectly to the single-crystal X-ray

Strong intermolecular D-A interaction DA interaction

Al - @ -

!
= Weak intermolecular

Intermolecular D-D, A-A interaction

Fig. 3 Molecular packing of two dimeric structures of (a) CN, (c) F, and (e) Me in single crystals. The stacking images in the crystal (b) CN, (d) F, and (f) Me.

(9) Schematic diagram of the different packing structures.
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diffraction powder patterns. Thus, the same molecular packing
was present in the crystals and pristine powders, which means
that the single crystal X-ray structure provides more insight into
the MFC behavior.

For X-ray crystallographic analysis, a single crystal of CN, F,
and Me was grown by slow evaporation in a CH,Cl,/n-hexane or
CHCl;/n-hexane mixture at room temperature. As expected, the
X-ray structure and molecular packing of the crystals of these
three compounds were different, and their crystal data (Fig. 3;
Tables S1-S3, ESIt) list the collection parameters. CN molecules
consist only of a strong donor-acceptor contact packing
structure, forming two dimeric structures with a parallel
arrangement (Fig. 3a and b). In one dimeric form, the Py moiety
forms short contacts with the TPA moiety: intermolecular C- - -H
(2.89 A), and C- - -H (2.87 A). Similarly, in the other dimeric form,
intermolecular donor and acceptor moieties interact via the
C---H interaction with a distance of 3.12 A. In contrast, the F
and Me molecules are formed in two different dimeric structures
with a weaker donor-acceptor contact packing structure than
that of CN. In the case of F, although one dimeric structure is
arranged in a parallel packing mode, unlike CN, the contact
between Py and TPA with a distance of 3.12 A is longer than the
contact between the phenyl groups of the TPA moiety with a
distance of 2.87 A (Fig. 3c (top)). In the other dimeric structures
(Fig. 3c (bottom)), F molecules are formed in a twisted arrange-
ment, and the intermolecular donor-donor interaction (C---H
contacts of 2.72 and 2.82 A) is more dominant than the inter-
molecular donor-acceptor interaction (C---H contact of 3.70 A).
In the case of Me (Fig. 3e (top)), one dimeric form has an
intermolecular donor-donor interaction and acceptor-acceptor
interaction due to the bulky electron-donating methyl group
without an interaction between the Py and the TPA moiety:
C---H (2.74 A), C---H (3.25 A), and C---H (2.66 A). The other
dimeric structure of Me is formed in a twisted packing mode to
enhance the intermolecular donor-acceptor interaction (Fig. 3e
(bottom)), stabilizing the bulky molecular structures; intermolecular
Py-TPA interaction (C.--H with a distance of 2.61 A). Therefore,
these results show that as the electron-withdrawing ability
increases, the intermolecular donor-acceptor interactions also
increase, leading to high mechanofluorochromic efficiency that
can be repeated reversibly many times. Also, these intermolecular
donor-acceptor interactions are related to the torsion angle of the
donor-acceptor connected moiety.

In the crystal packing structure, the molecules of the three
compounds were not a coplanar conformation due to the
nonplanar shape of the donor moiety. Upon mechanical
stimulation, these twisted structures can be transformed to a
more planar structure, causing morphological changes and
leading to a bathochromic shift of the MFC properties.>**°
The smaller the torsion angles of the donor-acceptor connected
moiety, the closer the intermolecular distance, which further
promotes the intermolecular donor-acceptor interaction. From
this point of view, the torsion angles between the central Py
plane and the TPA increased in the order CN (30.0°) < F (38.8°)
< Me (40.4°), based on the largest value (Fig. 3). Me had the
largest torsion angle of the three compounds due to the
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introduction of a relatively bulky electron-donating methyl
group. Interestingly, within the electron-withdrawing group, F
had a larger torsion angle than the bulky CN. These results
suggest that it is related to the single-molecule optical properties
according to the electron push—pull substituent effect.

Influence of single-molecule optical properties on
mechanofluorochromism

Photophysical spectra for the pyrene-based D-A-D compounds
were initially measured in various solvent environments to
investigate single-molecular intrinsic characteristics. The
absorption spectra of all compounds showed a weak solvent
polarity dependency (Fig. S25 and Table S7, ESIt). In contrast, the
emission spectra of F-OMe exhibited a markedly bathochromic
shift, and a gradually broadened and gradually vanished vibronic
resolution with increasing solvent polarity from n-hexane to
acetonitrile, indicating the presence of an ICT state, which is
sensitive to the surroundings, in the excited state (Fig. S26, ESIT).
The F-OMe exhibited a large solvatochromic shift (47, 55, 110,
and 189 nm) in the emission maxima between n-hexane and
acetonitrile, as the electron-donating ability of the substituents
increased. Also, in a high-polarity solvent ACN, the decays of the
fluorescence profiles of F-Me are a double exponential, whereas
the decay of fluorescence profiles of OMe are a single exponential
(Fig. S31, ESI{). Based on these results, the double exponential
fluorescence decay of F-Me can be attributed to the LE and ICT.
And, the single exponential fluorescence decay of OMe can be
attributed to the favorable and fast ICT by the strong electron-
donating group and stabilized ICT state in ACN. On the other
hand, with increasing solvent polarity, the emission spectrum of
CN did not show a bathochromic shift and had a distinguished
vibronic structure. In addition, CN exhibited identical single
exponential fluorescence decay, despite the changing polar
environment. Thus, the fluorescence decay of CN can be
attributed to the typical LE state character insensitive to the
changing of the polar environment.

To clarify the solvation effects, this study analyzed the dipole
moments between the ground and excited states using a
Lippert-Mataga plot (Fig. S27, S28 and Table S8, ESIt).®"?
As shown in Fig. S27b, ESL, the plot of F-OMe did not obey the
linear relationship predicted by the Lippert-Mataga equation
well and showed two sets of linearity indicative of two different
excited states: one for high polarity solvents and the other for
low polarity solvents. As the solvent polarity increases, the ICT
state begins to stabilize, leading to a significantly lower energy
barrier between the LE and ICT states. As a result, F-OMe,
which favorably transitioned from the LE to the ICT state, has
strong ICT character in a high polarity solvent; the excited state
dipole moments of F-OMe were 45.5, 41.4, 94.8, and 108.3 D in
high polarity solvents. As the solvent polarity was decreased,
the energy level of the ICT state began to increase, which
significantly expanded the energy barrier between the LE and
ICT states. Accordingly, the fraction of the transition from the
LE to ICT state decreased. This means that in low polarity
solvents, the fluorescence of F-OMe originates mainly from the
LE state; the excited state dipole moments of F-OMe (9.0, 10.1,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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46.0, and 45.2 D) in low polar solvents. On the other hand, the
Lippert-Mataga plot of CN obtained one type of linear relation-
ship regardless of the solvent polarity. Thus, the slope of the
approximate line was almost zero, and ground state dipole
moment was calculated to be 0.0 D, indicating a typical LE state
despite the D-A-D system. As a result, the slope trend of the
Lippert-Mataga plot in both the high and low polarity solvent
regions follows the order CN < F, H < Me < OMe, suggesting
that the transition from LE to ICT state is controlled by the
substituent effect.

Femtosecond transient absorption (fs-TA) measurements
were conducted to obtain more information on the excited
state properties for the pyrene-based D-A-D compounds.
And the origin of the MFC behavior is further evidenced by
the excited state properties. The fs-TA spectra of CN-OMe in
the medium polarity solvent CH,Cl, were obtained by laser
excitation at 340 nm (Fig. 4 and Fig. S32, S33, ESIY).
All compounds exhibited a transient absorption band at
~550 nm during the first hundreds of femtoseconds, which
was attributed to the Franck-Condon (FC) state. Subsequently,
the TA band was observed at approximately 633 nm (CN),
610 nm (F), 610 nm (H), 619 nm (Me), and 573 nm (OMe), which
were ascribed to the LE state of '(CN-OMe)*. Except for CN, as
the time delay increased, for F-OMe, the TA band around
715 nm increased concomitantly with decay of the TA band at
~ 610 nm, which decayed with time constants of 0.9 & 0.04, 1.8
=+ 0.08, 1.5 + 0.1, and 2.0 £ 0.1 ps, respectively. The increasing
TA band at approximately 715 nm was attributed to the ICT state
of '(F-OMe)* with rise time constants of 2.3 & 0.3, 0.06 + 0.02,
0.1 £ 0.08, and 3.9 £ 0.4 ps, respectively. In particular, in the
case of H and Me, the TA band at approximately 715 nm
exhibited decay profiles at a time delay of 2-2.6 ps. This suggests
that compounds H and Me are relatively less polarized than F
and OMe by the intermediate electron push-pull substituent

a)
0.030

0.0254

AA

0.020+4
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e 9
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Fig. 4 Chirping corrected transient absorption spectra of (a) CN, and (b)
OMe in CH,Cl,. The excitation wavelength was 340 nm. Inset: Decay and
rise profiles were monitored at selected wavelengths. (c) Schematic
potential curves for CN—OMe in a high polarity solvent.
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Fig. 5 Schematic explanation of the correlation between single-molecule
optical properties and molecular packing mode.

effect, resulting in the rapid stabilization of the ICT state. For
CN, the TA band at approximately 633 nm increased together
with a rise time constant of 1.6 & 0.4 ps after the initial FC state
with a decay time constant of 0.7 £ 0.06 ps, and no TA band at
approximately 715 nm was observed. This means that the
emissive state of CN originates from only the LE state despite
the D-A-D system. These results show that the LE and ICT state
of the 2,7-positions pyrene-based D-A-D compounds were
modulated finely by the electron push-pull substituent effect.
Therefore, the evolution of the excited state of the Py 2,7-
position-based D-A-D compounds in a high polarity solvent,
such as ACN, can be summarized as follows, as shown in Fig. 4c.
Based on the results obtained, the MFC properties and
molecular packing mode are related to the optical properties
of Py 2,7-position-based D-A-D compounds according to the
electron push-pull substituent effect. As the electron-
withdrawing ability increases, the intramolecular charge
transfer of the Py 2,7-position-based D-A-D compounds decreases,
and consequently the intramolecular interaction becomes
insufficient (Fig. 5). Insufficient intramolecular interactions led to
strong intermolecular interactions, causing small torsion angles by
the strong intermolecular interactions. This smaller torsion angle
appears as interactions between the donor and acceptor and
facilitates intermolecular short contact stacking. In other words,
it induces strong intermolecular donor-acceptor charge transfer for
molecular stabilization. These strong intermolecular donor-accep-
tor interactions cause strong molecular rearrangements when the
pristine state is ground and then fumed. It leads to high MFC
efficiency, which can be reversibly repeated many times. Thus, the
MFC efficiency in the Py 2,7-position-based D-A-D compounds is
controlled by the electron push-pull substituent effect. The
relationship between the photophysical properties according to
the electron push-pull substituent effect of the compounds and
the MFC properties can be used to build a predictive method for the
properties of the MFC organic material at the molecular level.

Conclusions

Py 2,7-position-based D-A-D compounds were designed and
synthesized to understand the correlation of single-molecule
photophysical properties (intramolecular interaction) and MFC
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properties (intermolecular interaction) according to electron
push-pull substituent effect. The MFC properties of the Py 2,7-
position-based D-A-D compounds showed the excellent
reversibility of the MFC processes as the electron-withdrawing
ability was increased. These MFC behavior by the substituent
effect are closely related to the photophysical properties.
For the photophysical properties of the compounds, the ICT
state is not simply controlled, but the energy levels of the two
different excited states are regulated by the substituent effect.
Femtosecond transient absorption measurements revealed the
excited state properties according to the electron push-pull
substituent effect: pure LE state of CN and transition from LE
to ICT state of F-OMe. Based on these results, it was shown
that as the electron-withdrawing ability increases, the intra-
molecular charge transfer decreases, and the intramolecular
interactions become insufficient, resulting in strong inter-
molecular donor-acceptor interactions. Therefore, the MFC
behavior increases as the intermolecular donor-acceptor inter-
actions are improved. Overall, the solid-state optical properties
and molecular packing mode of organic molecules can be
tuned by a simple alteration of the functional R group. These
results provide a molecular design strategy for highly efficient
new MFC organic materials. Further studies on color-tunable
pyrene-based MFC organic materials are ongoing.

Experimental
General information

Based on standard Schlenk techniques, all of the synthesis
experimental procedures were performed under a dry argon
condition. Reagents and solvents were purchased from
commercial sources and used as received without further
purification, unless otherwise stated. All reactions were monitored
with thin layer chromatography (TLC) using commercial TLC
plates (Merck Co.). Silica gel column chromatography was
performed on silica gel 60 G (230-400 mesh ASTM, Merck Co.).
The synthesized compounds were characterized by 'H-NMR or
BC{'H}-NMR, and elemental analysis. The 'H and proton-
decoupled “*C spectra were recorded on a Bruker500 spectrometer
operating at 500 and 125 MHz, respectively, and all proton and
carbon chemical shifts were measured relative to internal residual
chloroform (99.5% CDCl;) from the lock solvent. The elemental
analyses (C, H, N, O) were performed using Thermo Fisher
Scientific Flash 2000 series analyzer. The GC-MS analysis was
performed using a highly sensitive Gas Chromatograph/Mass
Selective Detector spectrometer (Agilent, 7890B-5977B GC/MSD).
The 2,7-bis(Bpin)pyrene®® and bromo-substituted p-(R)-
triphenylamine® were prepared based on the previously
published method. The crystal structure was determined by
single-crystal X-ray diffractometer at the Western Seoul Center
of Korea Basic Science Institute.

Synthesis of 2,7-bis(p-(R)-triphenylamino)pyrene

A mixture of 2,7-bis(Bpin)pyrene (0.5 g, 1.1 mmol), bromo-
substituted p-(R)-triphenylamine (2.42 mmol, R = CN, F, H,
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Me, OMe), Pd(PPh;), (10 mol%), and K,CO; (1.37 g, 9.9 mmol)
in toluene/H,O (40 mL/10 mL) was refluxed under argon at
110 °C for overnight. After cooling to room temperature,
deionized water (50 ml) was added and the organic layer was
collected. The water layer was washed using methylene chloride
(x3) to extract remaining organics. After combined organic
extracts, the organic layer was dried over anhydrous MgSO, and
filtered. Solvent was removed under reduced pressure, and the
residue was purified by silica gel column chromatography.

2,7-Bis[4'-[bis(4"-cyanophenyl)amino]phenyl]pyrene (CN)
Eluent: ethyl acetate/n-hexane = 1:2. Pale brown powder (0.46
g, yield: 53%). "H-NMR (500 MHz, CDCl;, ppm) 6 8.43 (s, 1H),
8.20 (s, 1H), 7.94 (d, J = 8.5 Hz, 1H), 7.62 (d, = 9.0 Hz, 2H), 7.34
(d, J = 8.5 Hz, 1H), 7.25 (d, J = 9.0 Hz, 2H). "*C{'H} (125 MHz,
CDCl;, ppm) 0 150.15, 144.52, 139.45, 137.74, 133.68, 131.68,
129.77, 128.10, 127.22, 123.89, 123.73, 123.18, 118.89, 106.17.
GC-MS (m/z) caled. for CsqHjz,Ng: 788.27, found: 788.4 [M]".
Anal. caled. for C5¢H3,Ng: C 85.26, H 4.09, N 10.65. Found:
C 85.71, H 3.88, N, 10.34.

2,7-Bis[4'-[bis(4”-fluorophenyl)amino]phenyl]pyrene (F)

Eluent: CH,Cl,/n-hexane = 1:7. Pale yellow powder (0.22 g,
yield: 26%). 'H-NMR (500 MHz, CDCl;, ppm) 6 8.38 (s, 1H), 8.14
(s, 1H), 7.79 (d, J = 8.5 Hz, 1H), 7.20-7.15 (m, 3H), 7.04 (t, J =
8.0 Hz, 2H). “C{'H} (125 MHz, CDCl;, ppm) § 147.53, 143.73,
135.06, 131.52, 128.73, 127.91, 126.25, 126.18, 123.62, 123.37,
122.85, 116.36, 116.18. GC-MS (m/z) caled. for CsyHs,F4Ny:
760.25, found: 760.3 [M]". Anal. caled. for Cs,H;,FyNy:
C 82.09, H 4.24, N 3.68. Found: C 81.96, H 4.21, N 3.52.

2,7-Bis(triphenylamino)pyrene (H)

Eluent: CH,Cl,/n-hexane = 1: 5. Pale yellow powder (0.2 g, yield:
26%). "H-NMR (500 MHz, CDCl;, ppm) § 8.40 (s, 1H), 8.15 (s,
1H), 7.80 (d, J = 9.0 Hz, 1H), 7.33 (t, J = 8.5 Hz, 2H), 7.29-7.28
(m, 1H), 7.22 (d, J = 8.5 Hz, 2H), 7.09 (t, ] = 7.0 Hz, 1H). "*C{'H}
(125 MHz, CDCl,, ppm) 6 147.71, 131.51, 129.34, 128.65, 127.90,
124.52,124.12, 123.41, 123.04. GC-MS (m/z) calcd. for Cs5,Hz6N,:
688.29, found: 688.4 [M]". Anal. caled. for C5,H3cN,: C 90.67,
H 5.27, N 4.07. Found: C 90.22, H 5.17, N 3.96.

2,7-Bis[4'-[bis(4”-methylphenyl)amino]phenyl]pyrene (Me)

Eluent: CH,Cl,/n-hexane = 1:5. Pale yellow powder (0.39 g,
yield: 48%). 'H-NMR (500 MHz, CDCl,, ppm) 6 8.28 (s, 1H), 8.03
(s, 1H), 7.66 (d, J = 8.5 Hz, 1H), 7.13 (d, ] = 8.5 Hz, 1H), 7.05-7.01
(m, 4H). "*C{"H} (125 MHz, CDCl;, ppm) & 145.26, 134.38,
132.71, 131.47 129.97, 128.47, 127.85, 124.78, 123.32, 122.90,
20.87. GC-MS (m/z) caled for Cs¢H44N,: 744.35, found: 744.4
[M]". Anal. calcd. for Cs¢H,4N,: C 90.29, H 5.95, N 3.76. Found:
C 90.22, H 5.81, N 3.59.

2,7-Bis[4'-[bis(4”-methoxyphenyl)amino|phenyl]pyrene (OMe)

Eluent: CH,Cl,/n-hexane = 1:1. Yellow powder (0.14 g, yield:
16%). 'H-NMR (500 MHz, CDCl;, ppm) § 8.36 (s, 1H), 8.12
(s, 1H), 7.74 (d, J = 8.5 Hz, 1H), 7.18-7.12 (m, 3H), 6.90 (d, J =
9.0 Hz, 2H). *C{'H} (125 MHz, CDCl;, ppm) 6 131.45, 127.83,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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126.68, 123.20, 121.23, 114.77, 55.54. GC-MS (m/z) calcd. for
CseHuuN,O4: 808.33, found: 808.5 [M]". Anal. caled. for
Cs6H44N,O4: C 83.14, H 5.48, N 3.46, O 7.91. Found: C 83.09,
H 5.41, N 3.40, O 7.88.
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