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We developed and characterized four polyfluorinated bistolane derivatives. These compounds, which possess either two

alkoxy substituents or an alkoxy group and a bromine atom in their two molecular terminals, were synthesized from

readily available 4-alkoxy-1-ethynylbenzene with a facile three-step procedure. Their thermodynamic and photophysical

properties were evaluated in detail, and they were found to display both liquid-crystalline (LC) and photoluminescence

properties. Remarkably, the photoluminescence behaviors dramatically changed during the thermal phase transition

between the crystal and LC phases. Thus, these polyfluorinated bistolanes may be promising candidate for the

thermoresponsive

Introduction

Liquid crystals are an important class of soft materials with
great potentials in various fields including displays,1 optical
communications,2 as well as biomaterials,3 because liquid-
crytalline (LC) have characteristics between
anisotropic crystalline and fluidic liquid
mesophase structures can be formed in the LC phases and
convert into each other under external stimuli. Therefore, LC
molecules can change their aggregated structures in
condensed phase through phase transition.

It is well known that photophysical properties such as UV-
Vis absorption and photoluminescence (PL) are quite sensitive
to the molecular structure formed in both dispersed and
aggregated systemes, i.e., a slight modulation of the molecular
structure can significantly alter the photophysical properties.4_
6 Owing to the intriguing optical characteristics of such
molecules, there is considerable interest in
developing novel light-emitting molecules with switchable
luminescent characteristics by an external stimulus, e.g., pH,7
metal ions,8 termperature,9 and mechanical stress.*® Their
potential applications in luminescent sensing or detection have

molecules

states. Various

luminous
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luminous molecules.

already propelled extensive studies of new, efficient, and
stimuli-responsive luminescent materials.

Over the last few years, our group has examined novel
multi-color PL molecules, by controlling the electron density
distribution through precise tuning of the electronic nature of
the substituents or using thermal phase transition of the LC
molecules to vary the aggregated structures.
previously reported two light-emitting LC molecules with a
polyfluorinated bistolane scaffold 1aA and 1bA (Figure 1a).11
Interestingly, by slight modulation of the chemical structure,
the PL behaviour of polyfluorinated bistolane analogues is

sensitive to their electronic aggregated
5a,11,12

We have

structures or
structures.

Here, to gain deep insight into these light-emitting LC
materials, we synthesized polyfluorinated bistolane
derivartives with various substituents at the longitudinal
molecular terminals (Figure 1b), in order to systematically alter
the electron density distribution or molecular packing
The photophysical thermodynamic
characteristics of the resultant molecules were examined in
detail.
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Figure 1. Chemical structures of (a) previously reported fluorinated
bistolanes 1aA and 1bA in Ref.11, and (b) newly synthesized bistolanes
reported in this study (1aB-C, 1bB, and 1bD).

Four polyfluorinated bistolanes synthesized in this study
showed LC as well as PL characteristics, and their behavior
changes depending on the structures of molecular aggregates
formed through thermal phase transition. In this paper, we
discuss the properties of the polyfluorinated bistolanes in
connection with the LC and PL behaviors.

Experimental

General

'H- and *c-NMR spectra were measured with a Bruker

AVANCE 11l 400 NMR spectrometer (*H: 400 MHz and **C: 100
MHz) in chloroform-d (CDCIl;) solution and the chemical shifts
are reported in parts per million (ppm) using the residual
proton in the NMR solvent. E-NMR (376 MHz) spectra were
measured with a Bruker AVANCE Ill 400 NMR spectrometer in
CDCl; solution with CFCl; (& = 0 ppm) as internal standard.
Infrared spectra (IR) were determined in a KBr method with a
JASCO FT/IR-4100 type A spectrometer; all spectra were
reported in wavenumber (cmfl). High resolution mass spectra
(HRMS) were recorded on a JEOL JMS-700MS spectrometer
using fast atom bombardment (FAB) methods. All reactions
were carried out using dried glassware with a magnetic stirrer
bar. All chemicals were of reagent grade and where necessary
were purified in the usual manner prior to use. Column
chromatography was carried out on silica gel (Wako-gel® 60N,
38-100 pm) and TLC analysis was performed on silica gel TLC
plates (Merck, Silica gel 60F,s,).

Synthesis

Polyfluorinated bistolane derivatives (1aB-C, 1bB, and 1bD)
were prepared from (4-alkoxyphenyl)acetylene 2 according to
the procedure in Scheme 1. A typical synthetic procedure for
the final step to prepare 1 is described below. The molecular
structures of bistolane 1 obtained were well characterized by
spectroscopic analyses, like 1H, 13C, and *°F NMR, infrared (IR),
and high resolution mass spectrometry (HRMS). The NMR
spectra indicate that the products were sufficiently pure for
evaluating their LC and PL properties.
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2a (R'=OCHy) ] 3b (R1=0C¢Hy, X=SiMes): 72%
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d dm pass

Scheme 1. Synthetic pathway for the polyfluorlnated bistolanes 1aB—C,
1bB, and 1bD.

1aB (52%), 1bB (54%)
1aC (55%), 1bD (63%)

Typical procedure for the preparation of 1-bromo-2,3,5,6-
tetrafluoro-4-[[4-(4-methoxyphenyl)ethynyl]phenyl]ethynyl-
benzene (1aB)

EtsN (15 mL) and THF (5 mL) were added to a mixture of
Cl,Pd(PPh3), (53 mg, 0.042 mmol), PPh; (11 mg, 0.042 mmol),
4-[2-(4-methoxyphenyl)ethyn-1-yl]phenylacetylene (4a) (0.20
g, 0.85 mmol),11 1-bromo-2,3,5,6-tetrafluoro-4-iodobenzene
(0.36 g, 1.02 mmol),13 and Cul (16 mg, 0.084 mmol). The
mixture was stirred at 60 °C (bath temp.) for 15 h. After
removal of the solvent using a rotary evaporator, the crude
product was extracted with AcOEt and washed with saturated
aqueous NH,4CI solution (three times). The organic layer was
dried over anhydrous Na,SO,, filtered, and concentrated in
vacuo. The resultant solid was purified by silica-gel column
chromatography (eluent: hexane/CH,Cl, = 3/1), providing the
desired product (1aB, 0.20 g, 0.44 mmol) in 52% vyield as a
white solid. This product was recrystalized by slow evaporation
from CH,Cl,/MeOH (1/1) to obtain the title compound in
crystal.

1-Bromo-2,3,5,6-tetrafluoro-4-[[4-(4-methoxyphenyl)ethynyl]-
phenyl]ethynylbenzene (1aB)

Yield: 52% (white solid); m.p.: 192 °C determined by DSC; 'H-
NMR (CDCl;): 63.84 (s, 3H), 6.89 (d, J = 8.8 Hz, 2H), 7.48 (d, J =
8.8 Hz, 2H), 7.52 (ABq, J = 8.4 Hz, 2H), 7.56 (ABq, J = 8.4 Hz,
2H); F NMR (CDCls, CFCl3): 6-133.64 (dd, J = 21.8, 9.4 Hz, 2F),
—133.67 (dd, J = 21.8, 9.8 Hz, 2F); 3¢ NMR (CDCl3): 655.3, 75.5
(t, J = 3.7 Hz), 87.6, 92.3, 100.6 (t, J = 22.7 Hz), 102.2 (t, J = 3.7
Hz), 104.2 (t, J = 16.2 Hz), 114.1, 114.9, 120.7, 125.2, 131.4,
131.8, 133.2, 144.9 (ddt, J = 247.2, 14.7, 3.6 Hz), 146.7 (ddt, J =
254.5, 14.0, 4.3 Hz), 159.9; IR (KBr): v 3075, 2976, 2846, 2212,
1518, 1484, 1246, 1027, 967, 837 Cm_l; HRMS (FAB+) m/z [l\/l]+
calcd for C23H1107gBrF4: 457.9929; found: 457.9926.

2,3,5,6-Tetrafluoro-4-[4-[(4-methoxyphenyl)ethynyl]phenyl-
ethynyl]anisole (1aC)

Yield: 55% (white solid); m.p.: 120 °C determined by DSC; 'h-
NMR (CDCl3): §3.84 (s, 3H), 4.13 (t, J = 1.6 Hz, 3H), 6.89 (d, J =

This journal is © The Royal Society of Chemistry 20xx
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8.8 Hz, 2H), 7.48 (d, J = 8.8 Hz, 2H), 7.50 (ABg, J = 8.8 Hz, 2H),
7.54 (ABq, J = 8.8 Hz, 2H); >F-NMR (CDCl;, CFCls): & —-137.75
(dd, J = 20.3, 7.9 Hz, 2F), —158.06 (dd, J = 20.7, 6.8 Hz, 2F); *C-
NMR (CDCl3): & 55.3, 62.2 (t, J = 4.4 Hz), 75.7 (t, J = 4.4 Hz),
87.7, 92.0, 97.9 (t, J = 19.1 Hz), 99.9, 114.1, 115.0, 121.2,
124.6, 131.4, 131.7, 133.2, 138.9 (tt, J = 11.8, 2.9 Hz), 140.7
(ddt, J = 247.0, 14.5, 4.4 Hz), 147.2 (ddt, J = 240.5, 13.2, 4.3
Hz), 159.9; IR (KBr): v 3014, 2964, 2836, 2210, 1605, 1428,
1285, 1122, 1027, 980, 833 cmfl; HRMS: (FAB+) m/z [M]" calcd
for C,4H140,F,: 410.0930; found: 410.0934.

1-Bromo-2,3,5,6-tetrafluoro-4-[4-[(4-hexyloxyphenyl)ethynyl]-
phenylethynyl]lbenzene (1bB)

Yield: 54% (white solid); m.p.: 130 °C determined by DSC; -
NMR (CDCl3): 50.91 (t, J = 6.8 Hz, 3H), 1.32-1.37 (m, 4H), 1.42—
1.51 (m, 2H), 1.79 (tt, J = 7.2, 6.8 Hz, 2H), 3.98 (t, J = 6.8 Hz,
2H), 6.88 (ABq, J = 8.4 Hz, 2H), 7.46 (ABq, J = 8.4 Hz, 2H), 7.51
(ABqg, J = 8.8 Hz, 2H), 7.56 (ABq, J = 8.8 Hz, 2H); F-NMR
(CDCls, CFCl3): 6-133.66 (dd, J = 21.8, 9.4 Hz, 2F), —135.69 (dd,
J=21.8,10.9 Hz, 2F); >C-NMR (CDCl5): §14.0, 22.6, 25.7, 29.2,
31.6, 68.1, 75.5 (t, J = 4.4 Hz), 87.5, 92.5, 100.6 (t, J = 22.7 Hz),
102.2 (t, J = 3.7 Hz), 104.2 (t, J = 18.3 Hz), 114.57, 114.61,
120.6, 125.2, 131.4, 131.8, 133.2, 144.9 (ddt, J = 262.6, 14.6,
4.4 Hz), 146.7 (ddt, J = 255.2, 14.7, 4.3 Hz), 159.6; IR (KBr): v
3032, 2919, 2847, 2205, 1596, 1518, 1486, 1242, 1174, 967,
837 cm™}; HRMS: (FAB+) m/z [M]" calcd for C,gH,,0”°Br,:
528.0712; found: 528.0706.

2,3,5,6-Tetrafluoro-4-[4-[(4-hexyloxyphenyl)ethynyl]phenyl-
ethynyl]-1-hexyloxybenzene (1bD)

Yield: 63% (yellow solid); m.p.: 76 °C determined by DSC; 'H-
NMR (CDCl3): 60.91(t, J = 7.2 Hz, 6H), 1.29-1.41 (m, 4H), 1.41—
1.52 (m, 4H), 1.75-1.85 (m, 4H), 3.98 (t, J = 6.4 Hz, 2H), 4.27 (t,
J=6.4 Hz, 2H), 6.88 (ABq, J = 8.8 Hz, 2H), 7.46 (ABq, J = 8.8 Hz,
2H), 7.50 (ABq, J = 8.4 Hz, 2H), 7.53 (ABq, J = 8.4 Hz, 2H); “°F-
NMR (CDCl;, CFCl3): 6 —138.48 (dd, J = 20.3, 7.9 Hz, 2F), —
157.84 (dd, J = 20.3, 7.9 Hz, 2F); BC.NMR (CDCl3): & 13.96,
14.02, 22.5, 22.6, 25.2, 25.7, 29.2, 29.9, 31.4, 31.6, 68.1, 75.5
(t, /= 2.9 Hz), 75.8 (t, / = 3.7 Hz), 87.6, 92.1, 97.8 (t, / = 17.6
Hz), 99.8 (t, J/ = 2.9 Hz), 114.6, 114.7, 121.2, 124.7, 131.4,
131.7, 133.1, 138.4 (tt, J = 12.3, 3.0 Hz), 141.1 (ddt, J = 249.4,
13.9, 4.4 Hz), 147.2 (ddt, J = 252.5, 13.2, 3.7 Hz), 159.5; IR
(KBr): v3039, 2954, 2857, 2210, 1597, 1520, 1492, 1250, 1122,
1019, 984, 837 cm ; HRMS: (FAB+) m/z [M]" calcd for
Cs4H340,F,: 550.2495; found: 550.2492.

X-Ray crystallography

Single crystals of bistolanes 1aC and 1bA were obtained by
purification of column chromatography, followed by
recrystallization (CH,Cl,/MeOH = 1/1), and mounted on a glass
fibre. All measurements for both bistolanes were made on a
diffractometer with filtered Mo-Ko radiation (1 = 0.71075 A)
and a rotating anode generator using a VariMax with
PILATUS/DW (Rigaku). All calculations were performed using
the CrysAlisPro software package (Rigaku)14 and the
refinement was carried out using SHELXL-97." The structures

This journal is © The Royal Society of Chemistry 20xx

were solved by direct methods and expanded using Fourier
techniques. The crystal data are deposited in the Cambridge
Crystallographic Data Center (CCDC) database (CCDC 1838805
for 1aC and 1838806 for 1bA).

Phase transition properties

The phase transition properties of bistolanes were observed by
polarizing optical microscopy (POM) using an Olympus BX51
microscope equipped with a temperature-controlled stage
(Instec HCS302 microscope, hot and cold stages, and a mK1000
temperature controller). The thermodynamic parameters were
determined using a differential scanning calorimeter (DSC) (SlI
X-DSC7000 (Seiko Instruments Inc.) or SHIMADZU DSC-60 Plus
(Shimadzu)) at heating and cooling rate of 5.0 °C min~". At least
three scans were conducted to confirm reproducibility.

Photophysical properties

UV-Vis absorption spectra were recorded using a JASCO V-500
absorption spectrometer. Steady-state photoluminescence
spectra were obtained using a JASCO FP-8000 or a Hitachi F-
7000 fluorescence spectrometer. Photoluminescence quantum
yields were estimated using a calibrated integrating sphere
system (JASCO).

Computation

All computations were carried out with density functional
theory (DFT) using the Gaussian 09 (Rev. C.01) package.15
Geometry optimizations were executed with the CAM-B3LYP
hybrid functional*® and 6-31G+(d) basis set. The stationary
points were characterized by frequency calculations to confirm
that the minimum energy structures had no
frequencies.

imaginary

Results and discussion
Crystal structure

Among the polyfluorinated bistolane series 1 synthesized in
this study, bistolane 1aC with two methoxy-substituents at
both longitudinal molecular terminals furnished single crystals
for X-ray crystallographic analysis. Figure 2 shows the top view
and crystal packing structures of 1aC.

The 1aC crystal has the P2;/n monoclinic space group with
four molecular formula per unit cell. The three aromatic rings
in the bistolanes 1aA and 1bA were found to form co-planar
structure in the crystal (Figure S1 and S2). In contrast, one of
the three aromatic rings in 1aC was twisted from the two co-
planar ones by an average of approx. 60°. To check whether
the crystal structure of 1aC is the most stable one, we
performed vibration frequency calculation with DFT at CAM-
B3LYP/6-31+G(d) of theory,m’17 starting with the
measured crystal structure. The calculation showed that the

level
initial structure of 1aC has several imaginary frequencies,

indicating that it is not the most stable form but a metastable
one located in a local minimum.

J. Name., 2013, 00, 1-3 | 3
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Top View of crystal structure of 1aC

Figure 2. Molecular structure of 1aC in crystal viewing from the top
and packing structures. Four molecular units in a unit cell are drawn in
space filling style.

The most stable structure, obtained from optimization at the
same level, has the three aromatic rings in co-planar
arrangement like the case of 1aA and 1bA. From the packing
structures shown in Figure 2, 1aC with the twisted form
constructed relatively tight packing structures in the crystal
lattice with several intermolecular interactions, e.g., m/=m
interaction  between electron-deficient polyfluorinated
aromatic ring and relatively electron-rich central benzene ring,
and F/H interaction (hydrogen bonding) between fluorine on
the polyfluoroaromatic ring and hydrogen in the methoxy
substituent. The interatomic Cp,*Cp;, CarerH, and Fa--Heps
distances (for m/m interaction, CH/x interaction, and hydrogen
bonding) were 329, 280, and 249 pm, respectively; all of them
are shorter than the sum of the two respective van der Waals
radii (C: 170 pm, H: 120 pm, F: 147 pm).18 The multiple
intermolecular interactions contribute to the close packing
structure of the twisted 1aC even in the metastable state.

Phase transition behaviour

After purification by recrystallization, the phase transition
behavior of polyfluorinated bistolanes 1aB—C, 1bB, and 1bD
was measured by using a POM and a DSC. The measurements
were repeatedly carried out to confirm the reproducibility with
the same sample. The resulting phase transition sequence and
transition temperature on the second heating/cooling cycle
are summarized in Table 1. Details of the phase transition
behaviour are shown in ESI. Figure 3 shows the optical textures
of the four polyfluorinated bistolanes observed by POM in
their LC phases.

All four polyfluorinated bistolanes exhibited enantiotropic
LC property.19 Among them, 1aB—C with one or two methoxy
group(s) as well as 1bD with two hexyloxy chains showed a
single LC between the optically anisotropic crystalline (Cr)
phase and isotropic liquid (Iso) phases. The optical images
(Figure 3) showed four-fold schlieren textures that are typical
of the nematic (N) phase. The LC phase observed in 1aB—C and
1bD was determined as nematic phase. On the other hand,

4| J. Name., 2012, 00, 1-3
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1bB with one hexyloxy chain and one bromine atom was found
to exhibit two LC phases (LC1 and LCZ) by POM observation.

Table 1. Phase transition behaviour of the polyfluorinated bistolane
derivatives 1aB—C, 1bB, and 1bD

Phase transition temperature ["C]a'b
(Phase transition enthalpy [kJ mol’1])

Bistolane

1aB Heating Cr 192 (45.9) N 218 (0.39) Iso

Cooling Cr 159 (—49.1) N 220 (—0.38) Iso
1aC Heating  Cr' 101 (2.4) Cr’ 120 (37.7) N 250 (1.3) Iso
Cooling  Cr'77 (-17.9) Cr® 88 (-51.2) N 249 (—0.95) Iso
1bB  Heating  Cr 130 (41.0) SmA 144 (0.70) N 194 (0.75) Iso
Cooling  Cr'114 Cr® 116 (-36.0)° SmA 146 (-0.67) N

195 (-0.74) Iso
1bD  Heating  Cr 76 (27.2) N 182 (2.03) Iso
Cooling  Cr'57 Cr’ 59 (—25.0)° N 185 (—0.54) Iso

® Abbreviations. Cr: crystalline, SmA: smectic A, N: nematic, Iso:

isotropic phases. b phase transition temperature was determined by
DSC measurement (5.0 °C min™, N, atmosphere) on the 2™ cycle. ©
Indicates enthalpies during the phase transition from cr' to SmA
phases due to the short range of the cr’ phase.

Figure 3. POM texture for polyfluorinated bistolane derivatives 1aB—C,
1bB, and 1bD.

The POM results showed an oily streak texture in the LC' state
at 140 °C on the 2™ heating, whereas the texture was
dramatically switched to a schlieren image at 144 °C through a
Lc'sLe? phase transition. Judging from the optical images, Lct
phase at the lower temperature region may be assigned as
smectic (Sm) phase,20 while the LC’ phase at higher
temperature region can be assigned as N phase (as mentioned
above).

In order to properly determine the Lct phase, powder X-ray
diffraction measurement was carried out between 80-200 °C
at 20 °C intervals during the 2" cooling process. Selected
diffraction patterns at 80 °C in Cr, 120 °Cin Sm, and 180 °Cin N
phases are shown in Figure 4a and Figure S5. Three diffraction
signals were detected at 26 = 3.0°, 3.26°, and 5.98° in the Sm
phase at 120 °C. Considering the signal at 80 °C in the Cr phase,
the diffraction signal at 3.26° (d = 2.71 nm) may be attributed
to an ordered structure in the Cr phase, and therefore the
diffraction peaks at 3.0° (d: 2.94 nm) and 5.98° (d: 1.48 nm)
can be assigned to (0 0 1) and (0 0 2) reflections, respectively,
based on the interlayer structure in Sm phase. The molecular
and packing structures of 1bB were estimated from the crystal
structure of 1bA using DFT calculation. The longitudinal
molecular length of 1bB was calculated as 2.63 nm, which was
shorter than the interlayer d-spacing.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. (a) X-ray diffraction pattern of polyfluorinated bistolane 1bB
on the 2™ cooling process. Cr: crystalline (gray), SmA: smectic A
(orange), N: nematic (blue) phases. (b) Proposed molecular alignment
in the SmA phase of 1bA, estimated from crystal structures.

[22(]) Iso Iso Iso Iso Iso Iso
218 =
225
200 197 N 194 .
N N 192 N N
150 152 144
149 SmA SmA 120 N
130 2
100 1Y ct
101 76
50
Cr Cr Cr Cr Ccr! Cr
1aA 1bA 1aB 1bB 1aC 1bD

Figure 5. Phase transition sequences of different polyfluorinated
bistolane analogues.

Assuming that the crystal packing structures to be similar to
1bA which forms syn-dimer structure (Figure 4b), the
molecular length of 1bB in the long molecular axis (2.91 nm)
for the syn-dimer was found to be as long as the interlayer
distance in the Sm phase (2.94 nm), indicating that the LC?
phase observed in 1bB is a SmA phase that orderly aligns the
syn-dimer parallel to the layer normal.

To understand the effect of substituents at the molecular
terminals on the phase transition behavior, we compared the
phase transition sequence of 1aB—C, 1bB, and 1bD to those
reported for 1aA and 1bA (Figure 5).

Methoxy-substituted bistolanes, e.g., 1aA-C,
higher melting (Cr->LC) and clearing (LC->Iso) temperature
than the corresponding hexyloxy-substituted ones like 1bA-B
and 1bD. In general, the long-alkoxy chain moiety in the 1b
series disturbs the aligned structure via a micro-Brownian

showed

This journal is © The Royal Society of Chemistry 20xx

motion at higher temperature, in comparison with series 1a
having a short-alkoxy unit. So, these differences in phase
transition temperature appear entirely reasonable.

Replacing a fluorine at one molecular terminal of 1aA and
1bA with a bromine atom increased the Cr->LC transition
temperature by 10-43 °C, while no large difference was
observed in the LC->Iso transition temperature, thereby
leading to a narrower LC temperature range. According to
reported Iiterature,21 significant increase of the Cr->LC phase
transition temperature may occur due to enhanced anisotropic
polarizability (A«a) by changing from Ca—F to CAr—Br.22 On the
other hand, replacing a fluorine atom of 1aB or 1bA by a
methoxy (for 1aC) or a hexyloxy moiety (for 1bD) dramatically
stabilized the LC phase. This is due to an increased transition
entropy by incorporating flexible moiety at the molecular
terminal, which significantly lowers the Gibbs free energy to
stabilize the LC phase.23 As a whole, a substituent at the
longitudinal molecular terminals of bistolane-type liquid
crystals can strongly influence the LC characteristics (e.g., the
LC phase sequence and temperature range), making such
substitution a powerful tool to control the aggregated
structures through phase transition.

Photoluminescence behavior

One of our main interests was the PL characteristics of the
polyfluorinated derivatives,
fluorinated bistolane analogues display intensive luminescence
in their crystalline as well as solution states.”! To reveal their
photophysical properties, we initially measured the UV-Vis
absorption spectra and PL spectra of the four derivatives in
dilute CH,CI, solution. The results are shown in Figure 6 and
Figure S7, and the corresponding photophysical data are
summarized in Table 2.

All four polyfluorinated bistolanes showed an absorption
band in the range of 250—400 nm. From the absorption spectra
in Figure 6a, the maximum absorption wavelengths (A4,,) of
1aB and 1bB having an alkoxy unit and a bromine atom at the
longitudinal molecular terminals were 336 nm. Also, identical
Aabs (332 nm) was observed in 1aC and 1bD with two alkoxy
units at the longitudinal molecular terminals. The difference is
attributable to the altered overall electronic structure of the
molecule caused by changing substituents.

bistolane because some
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Figure 6. (a) Absorption spectra measured in 10 mol L™ CH,Cl,
solution, (b) PL spectra in 107® mol L™ CH,Cl, solution (inset: CIE
diagram), and (c) photographs of Iluminescence from the
polyfluorinated bistolanes 1aB—C, 1bC, and 1bD under UV irradiation
(Aex = 365 nm).

Table 2. Photophysical data for the polyfluorinated bistolane
derivatives 1aB—C, 1bB, and 1bD.

Aabs [Nnm]° Ap [nm] (Dy1) | Ao [nm] (Do)
(8)(10’3 [L mol™ cm’l]) in solution” in crystal®
1aB | 336 (58.5), 356 (sh., 42.9) | 409 (0.03) 425 (0.22)
1aC | 332(78.5), 349 (sh., 58.2) | 400 (0.91) 399, 421
(0.36)
1bB | 336 (51.9), 358 (sh., 37.2) | 420 (0.07) 470 (0.06)
1bD | 332 (62.6), 351 (sh., 45.2) | 401 (0.90) 460 (0.19)

® Measured in 10~ mol L™ CH,Cl, solution. ® Measured in 10° mol L™
CH,Cl, solution. © Obtained by recrystallization from CH,Cl,/MeOH. sh.
=shoulder.

Next, PL spectra of the polyfluorinated bistolane
derivatives in dilute CH,Cl, solution were recorded under
irradiation at the respective A, of all samples (Figure S7). The
present  bistolane  derivatives emitted deep blue
photoluminescence (@.,, = 0.03—-0.91) with a broad emission
band at the Ap = 400-420 nm. As mentioned before, the
polyfluorinated bistolanes 1 were found to possess
longitudinal molecular dipole moment () in not only the
ground (Sy) state but also the excited (S;) state according to
the DFT and time-dependent (TD) DFT calculation (Table S2).
Hence, their luminescence in solution is supposed to be a
radiation process through an intramolecular charge-transfer
(CT) transition. 1aC and 1bD with two alkoxy substituents at
the molecular terminals showed almost identical PL spectra,
whereas a long wavelength-shift up to 20 nm was observed in
the case of 1aB and 1bB with a bromine atom instead of alkoxy
substituent. It may be due to the large CT transition

6 | J. Name., 2012, 00, 1-3

characteristics induced by 4| of 1aB (5.43 D) and 1bB (5.86 D)
in the excited S, state.

The present polyfluorinated bistolane derivatives were
found to also emit PL even in the Cr state (Figure 7 and Figure
S8). In the PL spectra, only a single emission band with
maximum between 425-470 nm was detected for 1aB, 1bB,
and 1bD; while 1aC showed double emission bands with A at
399 and 421 nm, in which the shorter Ay was almost identical
to that in solution state. The shorter PL band of 1aC is
supposed to originate from monomeric light emission. The
reason why two emission maxima were observed in the Cr
state may be due to the formation of crystalline polymorphs in
1aC.

e

1.0+ ~ —— 1aB (4ex = 365 nm)
—— 1aC (Aex = 326 nm)

(Aex =365 nm)
1bD (Aex = 365 nm)

PL intensity (Normalized)

.0 1 1 —
350 400 450 500 550 600 650
Wavelength [nm]

(b) ()

CIE1931
Figure 7. (a) PL spectra in crystals, (b) CIE diagram of emission color,
and (c) photographs of luminescence under 365 nm UV lamp from
polyfluorinated bistolanes 1aB, 1aC, 1bB, and 1bD.

As mentioned in the context of Figure 2, the crystalline 1aCis a
metastable rather than the most stable form. The crystalline
polymorphous character of 1aC permits multiple emission
bands even in the Cr state. In contrast to methoxy-substituted
bistolanes (1aB and 1aC), the Ap_in Cr state for 1bB and 1bD
carrying a hexyloxy chain is 50-60 nm longer compared to that
in solution. Considering the similarity of electronic structures
among the 1b series, the large A, shift of 1bB and 1bD is likely
due to different structures of the molecular aggregates, rather
than electron density distribution. According to the crystal
structures of 1aA and 1bA (Figure S1 and S2), which have one
fluorine atom and one alkoxy moiety at the longitudinal
molecular terminals, 1bA possesses more types of tight
stabilization by intermolecular interactions (e.g., m/nt and
CH/=m) than in 1aA. The intermolecular interactions worked in
the molecular aggregated structures facilitates PL emission by

This journal is © The Royal Society of Chemistry 20xx
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lowering the excitation energy. Comparing PL quantum vyields
(@Dp) for the present bistolanes observed in Cr state, the @&, of
1aB and 1bB with a bromine atom was lower than that of 1aC
and 1bD carrying a corresponding alkoxy substituent, which is
due to the fluorescence quenching effect by bromine atom. As
previously reported,11 the @, of bistolane derivatives was
largely attributed to the length of alkoxy chain substituted the
longitudinal molecular terminal; @, of 1aA with a short alkoxy
moiety was higher than that of 1bA with a long alkoxy chain
owing to the suppression of non-radiative decay caused by
molecular motion of alkoxy unit. With the similar manner, it is
likely that the 1aB in the present case was high @y, rather
than the 1bB. Furthermore, considering the PL characteristics
in the Commission Internationale de I'Eclairage (CIE) diagram
(Figure 7b), the present polyfluorinated bistolane derivatives
showed various emission colors from deep blue to light blue by
simply modulating the terminal substituent on the bistolane
scaffold. Taking the similarity of electronic structures
depending on the terminal substituent into consideration, the
PL characteristics of the bistolanes in Cr phase seem to affect
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the structure of molecular aggregates altered by modulating
molecular terminal substituents.

Thermoresponsive luminescence properties

Our next focus is the thermoresponsive property of the
luminescence induced by thermal stimulus, because the
molecular aggregates of the bistolanes can change reversibly
through thermal phase transitions. The sample was prepared
by placing the recrystalized bistolane sample between two
quartz glass plates. 1aC and 1bD with two alkoxy moieties at
the longitudinal molecular terminals were used as selected
examples.24 Their PL behavior was measured using a
fluorescent spectrometer with heating and cooling by a home-
made temperature-control unit. The temperature-dependent
PL spectra are shown in Figure 8.

(b)
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Figure 8. Temperature-dependent PL behaviour of 1aC (A = 326 nm) and 1bD (Aex = 305 nm). Red line: Cr phase, blue line: N phase. (a),(c)
Selected PL spectra during 1% heating-cooling process. (b),(d) PL behavior during 2™ heating process and (insets) possible schemes of the

molecular aggregated structure.
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In the 1% heating of 1aC (Figure 8a), a dramatic decrease of
PL intensity was observed from 27 °C to 200 °C, during which
1aC changed from Cr to N phase at 151 °C.” The sample
changed back to Cr phase (denoted as 2" Cr) by cooling to 40
°C, however the PL intensity declined significantly. Careful
comparison of the spectral shapes in the 1% Cr and 2" cr
states revealed a slight difference. As noted before, the PL
spectrum in 1* cr phase contains two emission maxima at 399
and 421 nm, whereas three emission maxima were observed
at 416, 433, and 445 nm in the 2" cr phase after heating and
cooling processes. These additional maxima may originate
from a re-construction of aggregated structures, e.g., from
metastable structure with a twisted conformation to the most
stable form with a co-planar conformation through the fluidic
N phase. After heating the sample again up to 200 °C in the 2"
heating process, as shown in Figure 8b, the PL intensity was
gradually reduced, and the spectral shape also changed
dramatically through the Cr->N phase transition. Before the
phase transition, 1aC in the 2" cr may have a co-planar
structure and could therefore form order structures with
multiple m/m and CH/m interactions, allowing strong PL
emission. Beyond the phase transition temperature, on the
other hand, the ordered structures may be disturbed and re-
constructed to form loosely ordered structures with a
directional anisotropy via weak interactions, which have low
PL intensity. Notably, after the N->Cr phase transition in the
2" cooling process, the spectral shape reverted up to ca. 60%
of the 2™ Cr state (Figure S9). So, 1aC clearly shows reversible
thermoresponsive PL characteristics.

The other polyfluorinated bistolane 1bD carrying two
hexyloxy flexible chains behaved in a way similar to 1aC (Figure
8c). The PL intensity of the 1% Cr gradually decreased with
heating, and the spectrum became a broad emission band with
several maxima in a range of 350-450 nm through Cr->N
phase transition. Continuous cooling to 40 °C smoothly formed
the 2™ cr structure, whose PL spectral shape changed
significantly back, showing the major emission band with A, =
450 nm and a weak band at Ay = 360 nm. However, the PL
intensity did not recover at all. Similar to the PL behavior of
1aC under the 2™ heating process, the major PL band at 450
nm was drastically changed to plural emission bands in a high-
energy region with decreasing PL intensity. Application of
thermal stimulus is supposed to cause a smooth re-
construction of the molecular aggregated structure, as shown
in the inset of Figure 8d, from an ordered one to relaxed
molecular aggregates with only an orientational regularity via
weak van der Waals interactions. The drastic alteration of
molecular aggregated structures is likely to lead to high-energy
PL originated from monomeric light emission. In the PL

This journal is © The Royal Society of Chemistry 20xx
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behavior during the 2" cooling process, diminished high-
energy PL in the short-wavelength region and an enhanced PL
band at 450 nm were observed simultaneously with
repeatability. Hence, the PL characteristics of 1bD also respond
to thermal stimulus.

Conclusions

We synthesized four polyfluorinated bistolane derivatives by
systematically alter the substituents at the longitudinal
molecular terminals. The liquid-crystalline (LC) property of the
derivatives was strongly affected by not only the electron
density distribution (induced by the electron-donating or -
withdrawing terminal substituents) but also the length of the
flexible chain attached to the molecular terminal. Thus, an
increase in the longitudinal molecular dipole moment (z))
rises the melting temperature from crystalline to nematic
phases, whereas the incorporation of long alkoxy chain as a
flexible unit into the molecular terminal resulted in significant
decrease of melting and clearing temperatures. In terms of
photophysical property, the polyfluorinated bistolanes showed
photoluminescence (PL) in dilute solution, crystal, as well as LC
phases. The luminescence wavelength in dilute solution is
largely affected by the electronic structure of the entire
molecule: bistolane with large x4, exhibited a shift of the
emission maximum towards longer wavelength. On the other
hand, their PL behavior in crystals significantly changed
depending on the structures of molecular aggregates, rather
than the electronic feature of the molecule. In the LC phase,
the PL behavior can be tuned by altering the aggregated
structures by thermal stimulus: it was remarkable that the
present bistolane derivatives displayed reversible
thermoresponsive PL characteristics. The thermoresponsive
luminescent feature allows them to be apply for the
luminescent sensing materials, and further investigations to
discover light-emitting liquid-crystalline molecules are ongoing
in our laboratory.
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Thermoresponsive luminescent materials based on polyfluorinated bistolanes were

developed and found to show reversible PL switching by applying thermal stimulus.
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