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Abstract:

methyleneanthrone and two bulky aromatic rings contain a twisted

Overcrowded  ethylenes  composed of  10-
carbon-carbon double (C=C) bond as well as a folded anthrone unit.
As such, they are unique frustrated aromatic enes (FAEs). Various
colored crystals of these FAEs, obtained using different solvents,
correspond to multiple metastable conformations of the FAEs with
various twist and fold angles of the C=C bond, as well as various
dihedral angles of attached aryl units with respect to the C=C bond.
The relationships between color and these parameters associated
with conformational features around the C=C bond were elucidated
using experimental and theoretical studies. Owing to the fact that they
are separated by small energy barriers, the variously colored
conformations in the FAE crystal change in response to various
external stimuli, such as mechanical grinding, hydrostatic pressure

and thermal heating.

Introduction

Chromic molecular materials that are stimulus response
have attracted increasing interest due their applications in various
light, heat, pH, viscosity and mechanical stress sensors.!"l In
particular, flexible aromatic -systems embedded with a movable
component, such as cyclooctatetraene (COT)?? or overcrowded
ethylene (OCE) moiety,*®! have been widely investigated. In
these systems, conformations (bent or twisted) of the movable
part govern the t-conjugation length of the molecule, which is

directly reflected in optical properties (Figure 1). Therefore, to fine

control of color change of the chromic behavior, it is necessary to
have a properly designed potential energy surface associated
with structural changes occurring in ground and excited states,
that is, So-S1 gap. For example, bianthorone is a typical OCE in
which the ethylene group is part of two aromatic moieties and
where steric hindrance is responsible for the existence of a yellow
folded and a green twisted conformation.®! The calculated
potential energy profile for interconversion between these
conformations (Figure 2) suggests that the process like those of
other OCEs has a high activation energy and that it takes place
through no isolable intermediates. As a result, the bianthorone
undergoes only a single color change between yellow and green
in association with this conformational change. On the other hand,
if the activation barriers separating several colored conformers
are small, a continuous color change might be promoted by a
slight energy input, provided by for example weak mechanical
stress. In fact, COT based flexible -systems exhibit this property
in the form of a bend angle dependency of its optical properties.
However, since small differences in the bent angle of the COT
ring have little effect on the optical properties, it is still a
challenging task to synthesize molecules whose optical properties

are more sensitive to the slight structural changes.
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Figure 2. Folded and twisted conformations, and transition state structure of
bianthrone and potential energies for every 5° of twist angle (w) together with
the calculated So — S; transitions of both the folded (w = 1.8°) and twisted
conformations (w = 61.8°) calculated using RB3LYP/6-31G*.

The study described below was aimed at developing a
strategy to finely control the conformational and optical properties
of an OCE using an approach based on the incorporation of
multiple moving components. The monotricyclic aromatic ene
(MAE, Figure 3a) is known to exist in two conformations differing
in the fold and twist of the carbon-carbon double (C=C) bond. The
reported twist angle of the is substance is only 7.4° (Figure 3b)
and relationships between its conformation and properties,
especially optical, have not been well studied.” In the current
MAEs that
methyleneanthrone moiety and two appended bulky aromatic (9-

effort, we designed two contain a 10-
anthryl or mesityl) rings. The array of groups in these substances
cause steric repulsion between the tricyclic anthrone unit and the
two bulky aromatic rings, which leads to structural frustration of
the C=C bond associated with the formation of conformations

having large fold and twist angles (Figure 3c). We have

demonstrated that the sterically frustrated aromatic enes (FAEs)
exist in multiple metastable conformations not only having a
variety of different fold and twist angles about the C=C bond but
also different dihedral angles between the C=C bond and the
bulky aromatic rings. The various conformers have close energies
in the solid state, and they exhibit unique absorption and emission
colors. The relationships that exist between the properties of the
conformers and the fold, twist and dihedral angles were
elucidated by using experimental and theoretical studies.
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Figure 3. (a) The basic structure of monotricyclic aromatic ene (MAE) with its
Newman projection to clarify the fold/twist angles of the C=C bond. (b) First
reported MAE composed of xanthene with two naphthyl rings and its fold angle
® as well as twist angle w. (c) (left) FAE 1 and FAE 2 possessing a frustrated
aromatic ene and (right) identifying twist angle w, fold angle ¢, and dihedral
angle 6 (right).

Results and Discussion

Conformation-Property Relationships of FAE in the
Crystalline State

The method employed to synthesize the bulky aromatic ring

containing FAE 1, using Negishi coupling between 10-
(dibromomethylene)-9-anthrone and the substituted anthacenyl
zinc chloride, was developed previously.®! The analogous
anthrone derivative FAE 2 was synthesized by using the same
procedure (Scheme 1). A study exploring the optical properties of
FAE 1 in solution showed that the absorption spectrum is only
slightly changed by changing the solvent (Figure S1). FAE 1 was
observed to form crystals of various colors in a variety of solvents
(Figure 4a). Amber crystals were obtained from acetone (1-AO)
(1-DH),
generated from DMF (1-DMF), red crystals were produced in

or dichloromethane-hexane orange crystal were
hexafluorobenzene (1-6FB) or 1,1,2,2-tetrachloroethylene (1-
TCE), and dark red crystals were obtained from acetone (1-AD).

1-AD is a crystal polymorph of 1-AO. Due to the skeleton of the



OCE, these crystals show aggregation-induced emission (AIE)
behavior,®and they display various emission colors of amber (1-
AO and 1-DH), orange (1-DMF), red (1-TCE and 1-6FB) and dark
red (1-AD). The crystalline-state absorption and emission spectra
of the crystals are shown in Figure 4b-e and key spectral data are
listed in Table 1.
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Scheme 1. Route for synthesis of FAE 1 and FAE 2.

Table 1. Absorption (Aas) and emission (Aem) wavelengths, and emission
quantum yields (®Pem) of 1-AO, 1-DH, 1-DMF, 1-TCE, 1-6FB and 1-AD.

Aabs / nmE! Aem / nmP! Pem | %
1-AO 562 585 23
1-DH 566 585 24
1-DMF 570 596 23
1-TCE 604 620 19
1-6FB 640 605 5
1-AD 657 615, 650(sh) 2

[a] Aabs are onset of absorptions. [b] The Aem are peak maxima.

Even though 1-AO and 1-AD were both obtained from
acetone their absorption and emission spectra are completely
different. Notably, the difference between the absorption onsets
(Aabs) of 1-AO (Aabs = 562 nm) and 1-AD (Aaps = 657 nm) is 95 nm
(2573 cm™"), which is the largest difference observed among the
crystals of FAE 1. The difference in emission maxima (Aem) of

these crystals of 65 nm (1710 cm™) is also the largest in the series.

These finding indicate that the color difference between 1-AO and
1-AD does not originate from the polarity of recrystallization
solvent. Finally, the emission quantum yields of all of the crystals
of FAE 1 tend to decrease as their Aaws and Aen are red-shifted.
To gain information about the source(s) of the optical
differences, the crystals were subjected to X-ray crystallographic
analysis. The conformation of FAE 1 in 1-AQ is shown in Figure
5. As expected, the presence of bulky 9-anthryl units in the FAE
1 skeleton leads not only a large fold angle for the C=C bond (¢
= 31.5°) but also a large twist angle of the C=C bond (w = 25.9°).

3

Inspection of the crystallographic data for the other crystals
(Figure S3-S7) showed that both the fold and twist angles vary as
do the dihedral angles 6 between the C=C bond and two
anthracenyl units. In addition, intermolecular interactions were
found to exist between anthrone units in neighboring FAE 1
molecules in 1-AO. However, the interactions only occur at edge
position with distances of 3.54 A (O---O) and 3.44 A (C---C)
(Figure 5c¢). Anthrone-anthrone interactions were also seen in the
other crystals except 1-6FB, and the arrangement was different in
each.

With the crystallographic data for the crystals of FAE 1 in
hand, we next assessed whether a rational relationship exists
between the conformational and optical properties. The key
structural and conformational parameters, such as C=C bond
length, C=0 bond length in the anthrone unit, twist angle w and
fold angle ¢ of the C=C bond, and dihedral angle 6 of 9-anthryl
units are accumulated in Table 2. Although the C=C and C=0
bond lengths were expected to depend on Aaps and Aem values for
the crystals, a correlation between does not exist. IR peak
positions for C=0 vibrations were determined and again no
correlation was found between them and the optical properties
(Figure S10).

Table 2. Parameters for conformational features around C=C bond of FAE 1. In
each crystal: C=C bond length (A), C=0 bond length (A) in the anthrone unit,
twist angle w (°) of C=C bond, fold angle ¢ (°) of C=C bond, and dihedral angle

8 (°) of anthracenyl units.

c=C/A C=0/A w/® Q/° e/°
1-AO 1.379 1.222 25.9 315 53.6, 67.7
1-DH 1.365 1.224 26.3 30.7 53.4, 66.1
1-DMF 1.374 1.214 26.9 30.0 50.4, 64.8
1-TCE 1.380 1.227 27.3 30.7 53.0, 62.0
1-6FB 1.379 1.223 31.4 26.7 50.2, 59.0
1-AD 1.387 1.230 29.5 255 51.0, 52.9

In contrast, we found that trends do exist in the w, ¢ and 6
values and that they correlate with the optical properties.
Specifically, as the twist angle w increases, the absorption onset
and emission maximum shift to longer wavelength. Furthermore,
the fold angles ¢ for FAE 1 in the red and dark red crystals 1-6FB
and 1-AD, (23.3°, 26.7° and 25.5°, respectively) are smaller than
those of the amber and orange crystals (1-AO: 31.5°, 1-DH: 30.7°,
1-DMF: 30.0°, and 1-TCE: 30.7°).
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Figure 4. (a) Photoimages of various cyrtal colors of FAE 1 (1-AO, 1-DH, 1-DMF, 1-TCE, 1-6FB, and 1-AD,) under room light and UV light (365 nm).
(b) Crystalline-state diffuse-reflection absorption spectra of 1-AO and 1-AD. (c) Crystalline-state emission spectra of 1-AO and 1-AD. (d) Crystalline-state
diffuse-reflection absorption spectra of 1-DH, 1-DMF, 1-TCE, and 1-6FB. (e) Crystalline-state emission spectra of 1-DH, 1-DMF, 1-TCE, and 1-6FB.

(a) Top view (b) Side view (c) Front view
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Figure 5. The molecular structure of FAE 1 in 1-AO. (a) Top view (together with a recrystallized aceton molecule). (b) Side view with folded angle of C=C bond.
(c) Front view with twisted angle of C=C bond. (d) Intermolecular contact at the edge of anthrone unit with neighbored molecule. Protons are omitted for clarity.
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To gain more information about the relationship between
these angles and the optical properties, TD-DFT calculations of
conformations of FAE 1 with different twist and fold angles of the
C=C bond were conducted (Figure S12, S13). In Figure 6 is given
a 3D map of TD-DFT results (x-axis: twisted angle w, y-axis:
folded angle @, z-axis: S — S transition). Inspection of the map
shows that a longer wavelength shift in the So — S1 transition
takes place not only as the twist angle increases but also as the
fold decreases. This finding is in good agreement with the
experimental results. Within the range of the simulated fold and
twist angles, distributions of the HOMO and LUMO orbitals of FAE
1 slightly expand with increasing twist angle, but they do not
significantly change (Figure S14). It is noteworthy that calculated
potential energy (PE) differences between the conformation
corresponding to the shortest absorption wavelength at 517 nm
(w = 25°, @ = 30°) and to that of the longest wavelength at 637
nm (w = 45°, ¢ = 15°) is only 4.41 kcal mol' (Figure S15). In
addition, the PE in S4 state is greatly stabilized by increasing twist
angle and decreasing fold angle, showing the opposite trend to
that in the Sy state (Figure S16). This finding suggests that a
significant absorption wavelength change is triggered by only a
slight conformational change in the solid state.

Analysis of the data indicates that dihedral angle 6 is also
an important factor governing optical properties. Comparison of
the conformations of FAE 1 in crystals between 1-6FB and 1-AD
shows that, although the absorption and emission properties are
totally different, only a small difference exists in the twist and fold
angles, but a significant difference is present in the dihedral
angles. The dihedral angles 6 of 1-6FB are 50.2° and 59.0°,
respectively, while those of 1-AD are 51.0° and 52.9°. TD-DFT
calculations indicate that decreasing the dihedral angle of FAE 1,
with fixed twist and fold angles leads to a longer wavelength shift
in the absorption onset (Figure S17). Moreover, TD-DFT
calculations on the monomer structures of FAE 1 in 1-6FB and 1-
AD show that the S — S transition of 1-AD (573 nm) occurs at
longer wavelength than that of 1-6FB (531 nm) (Table S1).
Therefore, the optical differences between 1-6FB and 1-AD are
mainly due to a difference in their dihedral angles.

The crystallographic data for 1-DMF and 1-TCE provide
further information about factors that govern optical properties of
FAE 1. No significant differences exist in the w, @ and 6 values of
1-DMF and 1-TCE, yet their absorption and emission spectra
differ. Inspection of the crystal packing structures shows that the
anthrone unit in 1-TCE engages in significant intermolecular -1
interaction with the anthrone unit of a neighboring molecule, while
no anthrone-anthrone -1t interaction occurs in 1-DMF (Figure S4,

S5). TD-DFT calculations were carried out on monomeric and

- Color map for the
transition (nm)

E — — Il 620-640
c -— 600~620
2 ) 585 (1.19) — |
= S _ 580~600
& @566 (066) 560~580
& e gelise) 552 (0.74) 540560
1 540 —T o 1038 520~540
. Y=o 528 (-0.16) 500~520
% el ol
40 35 —_ 25 \e
. 30 W)
Twist angle o /* 25 3%0\03

Figure 6. 3D map of TD-DFT calculated results (B3LYP/6-31G*//B3LYP/6-
31G*) of FAE 1 (x-axis: twist angle w from 25° to 45°, y-axis: fold angle ¢ from
15° to 30°, z-axis: So — S1 transition). The numbers near the blue dots on the
3D map surface indicate the So— S+ transition at the position, and the numbers
in parentheses indicate the relative potential energy at the position (kcal mol”,
the referring structure is w = 25°, ¢ = 30°, calculated by B3LYP/6-31G*).

dimeric structures. The results indicate that the S; — S transition
of the monomeric structure of 1-TCE occurs at 524 nm, which is
a longer wavelength than that of monomeric 1-DMF (509 nm).
Moreover, the dimeric structure of 1-TCE, having large -1
overlap between the anthrone units, has longer wavelength Sy —
Sy transition at 531 nm, whereas that of dimeric structure of 1-
DMF is at 509 nm (Table S1). Thus, although the effect of the
intermolecular 11-11 interaction between the anthrone units cannot
exclude as a factor affecting the color difference between1-DMF
and 1-TCE,!"% it can be concluded that the main contribution for
the various colors in these crystals is the slight structural
difference around the frustrated aromatic C=C bond.

To gain further information, the optical properties of FAE 2
in the crystalline state were determined. Different from FAE 1,
FAE 2 generates only two crystal polymorphs that do not contain
co-cystallization solvent and exhibit yellow (2-Y) and orange (2-
O) colors (Figure 7a). The respective UV-vis and emission
wavelengths of 2-Y are Agps = 515 nm and Aem = 555 nm and it has
a relatively high emission quantum yield of 32%. In contrast, 2-O
has Aabs = 560 nm and Aem = 610 nm along with a low emission
quantum yield of 1% (Figure 7b-c). X-ray crystallographic analysis
shows that 2-O is comprised of two independent conformations 2-
O-a and 2-O-b, while only one conformation exists for 2-Y (Figure
8). The key parameters around the frustrated C=C bond are listed
in Table 3. TD-DFT calculations show that the Sp — Sy transition
of 2-O-a is estimated to occur at 398 nm, which is shorter than
that of 2-Y (411 nm), owing likely to the existence of a large fold
angle @ in the latter (2-Y: 20.4°, 2-O-a: 29.7°) (Figure S18, Table
S2). On the other hand, 2-O-b has a larger twist angle (w =26.3°),
smaller fold angle (¢ = 24.1°) and smaller dihedral angles (6 =
51.6° and 59.9°) than does 2-O-a. These factors cause the
calculated Sp — S transition of 2-O-a to take place at 419 nm.
The experimental and theoretical results arising from studies of
FAE 2 are consistent with those coming from FAE 1. Although an
in 2-O, TD-DFT

calculations show that its effect on the absorption wavelength is

anthrone-anthrone interaction is present



relatively small, which is identical to the tendency seen with FAE
1.
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Figure 7. (a) Photoimages of the cyrstals 2-Y (left) and 2-O (right) under room

light and UV light (365 nm). (b) Crystalline-state diffuse-reflection absorption

spectra of 2-Y and 2-O. (c) Crystalline-state emission spectra and emission

quantum yields of 2-Y and 2-O.

Figure 8. (a) Conformation of FAE 2 in 2-Y. (b) Conformation of FAE 2 in 2-O.
Two independent conformations 2-O-a and 2-O-b are observed. Protons are

omitted for clarity.

Table 3. Parameters for conformational features around the C=C bond of FAE
2: C=C bond length (A), C=0 bond length (A) in the anthrone unit, twist angle w

(°) of C=C bond, fold angle ¢ (°) of C=C bond, and dihedral angle 8 (°) of

anthracenyl units.

C=C/A  C=O/A w/° @/° 9/°
2-Y 1.377 1.230 19.3 20.4 57.8, 62.2
2-0-a 1.370 1.223 224 29.7 51.5,63.5
2-0-b 1.380 1.231 26.3 24.1 51.6, 59.9

Mechano-, Piezo-, and Thermochromism of FAE skeleton

Similar to those of other OCEs, FAE 1 and 2 display
mechanochromic behavior in the solid state.#* 11 For example,

grinding an orange crystal of FAE 1 or yellow crystal of FAE 2

causes the colors to change to dark red and orange color,
respectively (Figure 9, Figure S19). The color changes take place
synchronously with a red-shift in the emission bands as well as a
reduction in emission quantum yields (Figure 10). These changes
are a consequence of alterations occurring in the parameters
associated with conformational features surrounding the
frustrated C=C bond as was discussed above.

Because crystal 2-Y has a large crystal size and it does not
contain a co-crystallization solvent, it is suitable for investigating
how structural changes occur under application of hydrostatic
pressure.l'”2When hydrostatic pressure was applied to 2-Y using
a diamond anvil cell (DAC), the crystal color changed from yellow
to amber (Figure 11a). The emission maximum underwent a
corresponding red-shift from 555 nm to 565 nm (Figure 11b,
Figure S20), which is similar to the change taking place when it is
ground. Single crystal X-ray measurements made after applying
hydrostatic pressure at 3.5 GPa revealed that the color change
does not originate from an increase in twist angle w but rather to
flattening of the fold angle ¢ (Figure 11c, Figure S21). Specifically,
the twist angle w decreases from 20.0° to 15.8° and the fold angle
¢ also decreases from 21.1° to 12.4°. TD-DFT calculations
support the proposal that this conformational change leads to a
red-shift of the So— S transition from 392 nm (0 GPa) to 400 nm
(3.5 GPa). Thus, this result indicates that the red-shift associated
mechanochromism of FAE 1 and 2 is not solely due to an increase

in the twist angle of the C=C bond.

(a) Before grinding  After grinding (b) Before grinding  After grinding
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Figure 9. Images before and after grinding (a) 1-DH and (b) 2-Y under room
and UV light (365 nm).
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Figure 10. (a) Emission spectra before and after grinding 1-DH. (b) Emission
spectra of before and after grinding 2-Y.
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Figure 11. (a) Photoimages of 2-Y before (top) and after applying hydrostatic pressure with 3.5 GPa (down). (b) Emission spectra of 2-Y under 0.48 GPa
(yellow line) and 3.64 GPa (orange line). Red * indicates the emission from ruby. Red ** indicates the second-order diffraction of excitation light (Aex = 370
nm). (c) Superposition of the X-ray crystalographic structures of 2-Y generated by before (0 GPa: yellow) and after applying hydrostatic pressure (3.5 GPa:
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Figure 12. (a) Photoimages of 2-Y at 20 °C (top) and 150 °C (down) under UV light (365 nm). (b) Emission spectra of 2-Y at 20 °C (yellow) to 150 °C (dark
red) and emission peak tops Aem at each temperature. (c) Superposition of the X-ray crystalographic structures of 2-Y at 20 °C (green) and 130 °C (orange).

Further efforts that 2-Y exhibits

thermochromic fluorescence behavior as well.?>'3 Upon heating

showed crystal
2-Y over 100 °C, the fluorescence color gradually changes from
yellow to orange and returned to yellow upon cooling (Figure 12a,
Figure S22). The emission peak Aem = 550 nm at 20°C is clearly
red-shifted to 580 nm at 150°C (Figure 12b), and the half-width of
the emission band increases with an increase in temperature from
20 °C (520~590 nm, 2280 cm™') to 150 °C (545~625 nm, 2350 cm"
"). Interestingly, a comparison of the X-ray crystallographic data
for 2-Y at 20 °C and 130 °CM' (Figure 12c) shows that no
significant changes occur in the parameters related to
conformation features around the frustrated C=C bond. Rather,
only a slight elongation of intermolecular distances takes place by
heating, which results in an expansion of the void volume in a unit
cell from 330 A3 to 386 A2 (Figure S23).'"!

TD-DFT calculations were conducted to estimate the lowest
energy excited state conformation of FAE 2. The results show that
the excited state of FAE 2 has a propeller shape with the twist

angle w = 59.5°, fold angle ¢ = 0° and dihedral angle 6 = 40.7°

7

(Figure S24). Therefore, a plausible explanation for the
thermochromic fluorescence behavior of 2-Y associated with red-
shifted emission at high temperatures is that structural relaxation
occurs through reduction of intermolecular interactions and
expansion of the void volume to accommodate the twisted
structure of the excited state.[' Furthermore, the lack of
thermochromic fluorescence behavior of 2-O even though an
identical tendency to expand the void volume in a unit cell occurs
at high temperature (Figure S25,526, Table S3). The difference
is probably a consequence of intermolecular anthrone-anthrone
interactions present 2-O that interfere with conformational
relaxation enabling accommodation of the twisted structure of the

excited state.

Conclusion

In the investigation described above, information was
gained about relationships that exist between the conformational

and optical properties of the crystal states of sterically frustrated



aromatic enes (FAEs). We demonstrated experimentally and
theoretically that FAE 1 and FAE 2 form various color crystals,
that correspond to multiple metastable conformations with various
twist and fold angles of the C=C bond, as well as various dihedral
angles of attached aryl units with the C=C bond. Different from
usual OCEs exhibiting only folded and twisted forms separated by
large energy gaps and/or large activation energies, the FAEs
possess conformational energy profiles in which multi-colored
crystal polymorph with a variety of different fold, twist and dihedral
angles exist as metastable intermediates. In addition,
conformational/color changes of the FAE crystals can be readily
induced by external stimuli such as mechanical grinding,
hydrostatic pressure and thermal heating. We anticipate that the
multi-chromic properties associated with slight conformational
changes make the FAEs appropriate candidates for multipurpose
sensors that can be utilized to detect small energy loads in

artificial or biological materials.!"”]
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