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ight full-color tuning of self-
organized helical superstructures enabled by
fluorinated chiral switches†

Lang Qin, Wei Gu, Yingying Chen, Jia Wei * and Yanlei Yu

Light-driven chiral switches have the ability to tune and control the self-organized helical superstructures of

cholesteric liquid crystals (CLCs), resulting in the photo-induced reflection wavelength shift of the CLCs. A

new type of axially chiral switch functionalized with fluorine atoms ortho to the azobenzenemoiety is found

to exhibit reversible visible-light-driven photoisomerization due to a separation of the n–p* absorption

bands of the trans and cis isomers. These chiral switches all have high HTP values and the doped CLCs

with 15.8 wt% concentration demonstrates reversible dynamic tuning of the reflection color within the

entire visible spectrum driven by 530 nm and 445 nm visible light. It is also noteworthy that the thermal

stability is improved thanks to the cis form of the fluorinated azobenzenes possessing a remarkably long

half-life. The newly designed visible-light-driven chiral switches may broaden the application of CLCs,

especially in the fields where high energy UV light is unfavorable.
Introduction

Cholesteric liquid crystals (CLCs) possessing self-organized
helical superstructures1 are a class of materials capable of
selectively reecting light according to Bragg's law. Dynamic
tuning of reection wavelength of the CLCs by external stimuli,
including heat,2,3 electric eld,4,5 chemical reaction6,7 and
light8–16 is of great signicance in many applications, such as
color lters,17 reectors,18,19 displays,20,21 lasers,22,23 and
sensors.24,25 Among all the stimuli, light wields advantages of
remote, spatial and temporary controllability, therefore light-
driven CLCs are widely studied.26,27

The commonly usedmethod to obtain light-driven CLCs is to
dope a small amount of photoresponsive chiral switches into
nematic liquid crystals (LCs).28,29 The ability of a chiral switch to
twist the nematic LC into helical superstructures is represented
by the helical twisting power (HTP, b) in the equation: b ¼ 1/
(pc), where c is the concentration of the chiral switch and p is the
pitch length of the helical superstructures. The central wave-
length of the reection l is related to the pitch, i.e. dened as l
¼ np, where n is the average refraction index of the LC host. The
congurational change of the chiral switches upon light irra-
diation enables the HTP variation, resulting in the photocontrol
of the helices as well as the reection wavelength.
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Azobenzene-based chiral switches draw tremendous atten-
tion because of the dramatic difference in molecular geometry
between the rod-like trans form and bent cis form, leading to
large variation in HTP upon photoisomerization.26 However, the
necessity of high energy UV light to induce the trans–cis isom-
erization of normal azobenzene30,31 impedes their practical
applications, since UV light irradiation might bring about
material decomposition and damage to biosamples. In this
regard, developing photoresponsive CLCs that primarily
respond to visible light and near-infrared (NIR) is highly desired
for the wide utilizations.12,13

Li et al. developed NIR-light-tunable CLCs loaded with
azobenzene-based chiral switches and upconversion nano-
particles (UCNPs). The UCNPs successfully converted NIR light
of different power density to UV light or visible light, which
triggered the trans–cis and cis–trans isomerization of the chiral
switches respectively and realized the reversible tuning of the
reection wavelength in visible spectrum.13 However, energy
transfer from the UCNPs to the chiral switches resulted in low
photoisomerization efficiency and slow response in this system.
It is more straightforward to design novel chiral switches,
whose photoisomerization in two directions can be induced by
visible light. Recently, Li et al. designed and synthesized
a special kind of azobenzene-based chiral switches possessing
long conjugated structure. The reversible tuning of reection
colors from the doped CLCs was achieved by visible-light-driven
photoisomerization.12

It has been proved that azobenzenes with ortho-uorine
atoms have lower energy of the n-orbital of the cis isomer, giving
rise to a separation of n–p* absorption bands of the trans and
cis isomers.32,33 Green and blue light can therefore be used to
RSC Adv., 2018, 8, 38935–38940 | 38935
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induce the trans–cis and cis–trans isomerization, respectively.
This inspired us to design chiral switches based on uo-
roazobenzene to realize visible-light tuning of helical super-
structures of the CLC. One should emphasize that Katsonis
et al. recently have synthesized uorinated chiral switches, but
they have not reported the visible-light-driven photo-
isomerization and still used UV light to trigger the trans–cis
process.34 Herein, we reported the synthesis of axially chiral
binaphthyl azobenzenes containing uorine atoms ortho to azo
moieties, which were proved to exhibit reversible visible-light-
driven photoisomerization both in organic solvent and LC
media (Fig. 1a). Furthermore, the chiral switches all exhibited
high HTP values and only a small amount of the chiral switches
successfully induced the formation of the helical superstruc-
tures. The CLCs formed by doping the chiral switches into
nematic LC E7 generated the full-color dynamical change of the
reection driven by visible light with different wavelengths.
Results and discussion
Synthesis and characterization

The visible-light-driven chiral switches were prepared in a facile
synthesis route (Fig. 1a and Experimental section Fig. 6), in
which the 1,10-binaphthyl group provides axial chirality and
uoroazobenzene moiety offers the distinct optical properties.
Besides, the introduction of two mesogenic rod-like biphenyl
enhances the solubility in commercially available nematic LC
hosts including E7 and 5CB. The chemical structures of chiral
switches were identied by 1H, 19F and 13C NMR spectroscopy.
Visible-light-driven photoisomerization

UV-vis spectra were recorded to make clear the changes of the
absorption of the chiral switches before and aer sequential
visible light irradiation at 530 nm and 445 nm. A solution of S-1-
Fig. 1 (a) Chemical structure of the chiral switches studied in the experim
� 10�5 M) upon irradiation of 530 nm light (27 mW cm�2) from the in
between 420-490 nm showing the separation of n–p* bands of trans
chloroform (2 � 10�5 M) upon irradiation of 445 nm light (0.4 mW cm�

38936 | RSC Adv., 2018, 8, 38935–38940
5 in chloroform was placed in dark to maximize the absorption
at 342 nm which corresponds to the p–p* absorption band of
trans o-uorinated azobenzene. As shown in Fig. 1b, 530 nm
light irradiation triggered trans–cis isomerization evidenced by
the intensity decrease of p–p* absorption band. In the visible
part of the spectra (420–490 nm), two isobestic points at 428 nm
and 464 nm were found due to the separation of n–p* absorp-
tion bands of the two isomers (Fig. 1c). The n–p* absorption
band of cis isomer (450 nm) appeared with a slight blue-shi
compared to that of trans isomer (468 nm), which is different
from the parent azobenzenes without the substitution of
electron-withdrawing uorine atoms. The solution of S-1-5 in
chloroform took about 140 s to reach photostationary state
(PSS) upon 530 nm light irradiation, whereas its reverse process
took about 190 s to reach PSS445 by 445 nm light irradiation
(Fig. 1d). Similar phenomena were also found in the other two
chiral switches (Fig. S1 and S2, ESI†). These results indicate that
both the trans–cis and cis–trans isomerization of the newly
designed chiral switches can be fully triggered by visible light in
solvent.
Measurement of HTP

Encouraged by the reversible visible-light-driven photo-
isomerization of the chiral switches in organic solvent, we
doped the chiral switches into the commercially available
nematic LC host to evaluate their HTP variation upon visible
light irradiation. As shown in Fig. 2a and S3, ESI†, a small
amount of the chiral switches (0.4 wt% in E7) successfully
induced the formation of CLC phase, which was testied by the
characteristic ngerprint textures observed by polarized optical
microscope (POM), indicating that the chiral switches all have
high HTP. The screw senses of the CLCs doped with the chiral
switches were all determined to be le-handed according to the
miscibility tests (Fig. S4, ESI†). The HTP values of the chiral
ent. (b) Changes of UV-vis absorption spectra of S-1-5 in chloroform (2
itial state to the PSS530. (c) Partial UV-vis absorption spectra of S-1-5
and cis isomers. (d) Changes of UV-vis absorption spectra of S-1-5 in
2) from the PSS530 to the PSS445.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Fingerprint textures of 0.4 wt% S-1-5 in E7 observed through
POM. Scale bar, 100 mm. (b) Cycles of the changes of HTP of 1.0 wt% S-
1-5 in E7 upon alternate irradiation with 530 nm and 445 nm light. (c)
POM images showing the distance changes of disclination lines of
1.0 wt% S-1-5 in achiral LC E7 in the wedge cell before (left) and after
sequential visible light irradiation at 530 nm (middle) and 445 nm
(right).
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switches were measured according to Grandjean–Cano
method35 (Fig. S5, ESI†). Taking the mixture of 1.0 wt% S-1-5 in
E7 as an example (Fig. 2c), the distance between disclination
lines gradually increased from 85 to 304 mm and nally became
stable at PSS530 thanks to the trans–cis isomerization of S-1-5.
The resultant percent change in b was calculated as 72.4%.
Reverse process occurred when irradiated with 445 nm light.
The excellent fatigue resistance was conrmed by repeated
irradiation of 530 nm and 445 nm light aer many cycles and no
obvious degradation was observed (Fig. 2b and S8, ESI†).
Therefore, the reversible tuning of S-1-5 was achieved only by
visible light irradiation in LC media, which successfully
induced the change of the helical superstructures. S-3-5 and S-1-
5 also showed similar properties in CLC manipulation (Fig. S6–
8, ESI†).

The HTP values of three chiral switches are summarized in
Table 1. Compared to the previously reported visible-light-
driven chiral switches,12 these chiral switches all have higher
HTP value at the initial state and more signicant change of
HTP upon light irradiation. The HTPs of S-3-5 and S-1-5 in 5CB
are higher than that in E7, while S-1-3 shows higher HTP value
in E7 than in 5CB. The higher HTP of S-3-5 and S-1-5 in 5CBmay
Table 1 Helical twisting power b (mm�1, mol%) of the chiral switches in
different nematic LC hosts at different states

Sample Host

b (mm�1, mol%)

Dba Db/bini
b (%)Initial PSS530 PSS445

S-3-5 E7 100 28 59 72 72.4
5CB 133 34 80 99 74.5

S-1-3 E7 152 39 78 113 74.5
5CB 143 33 67 110 76.9

S-1-5 E7 110 32 69 78 70.6
5CB 146 29 68 117 80.3

a Decrease. b Percent change in b from the initial state to the PSS530.

This journal is © The Royal Society of Chemistry 2018
arise from the higher degree of similarity between the end
groups of chiral switches and 5CB host. Different LC hosts
result in different intermolecular association between the chiral
switches and the host. Therefore, we could conclude that subtle
dependence of HTP exists on the molecular structures of both
the dopant and the nematic LC host, which is consistent with
previously reported results.29 Moreover, HTP values of these
chiral switches exhibit remarkable differences among various
PSSs induced by visible light, which indicates reversible visible-
light-tunable property of the chiral switches.

Phototunable reection

The high HTP value and the considerable difference among
various states of the chiral switches allowed us to tune the
reection color of the CLC reversibly by visible light. Although S-
1-3 has higher HTP, the poor solubility in LC host (less than
10 wt%) indicates that it is not an ideal candidate for CLC
manipulation. The HTP variation of S-1-5 between PSS530 and
PSS445 is larger than that of S-3-5. Therefore, S-1-5 was chosen to
demonstrate efficient tuning of the reection color in CLC upon
visible light irradiation. A mixture of 15.8 wt% S-1-5 in achiral
nematic LC E7 was lled into a 5 mm thick planar aligned cell via
capillary force. Successfully, the CLC mixture exhibited revers-
ible tuning of reection color across the entire visible spectrum.
At the initial state, the reection band was located in the UV
region (<400 nm). When irradiated with 530 nm light for 7
seconds, the cell appeared to be blue and the central reection
wavelength was shied to around 440 nm. As shown in Fig. 3a
and c, the reection band red-shied over the entire visible light
region and the reection color dynamically changed from blue
via green to dark red upon continual 530 nm light irradiation
within 27 s. The reverse process happened upon 445 nm light
irradiation (Fig. 3b and d). Fig. 4 shows the real cell images of
the CLC mixture in primary blue, green, red (RGB) reection
colors tuned by 530 nm and 445 nm light. Interestingly, a green
and red “CLC” pattern in blue background was created by
photomask technology. Therefore, reversible tuning of the
reection color and erasable patterning process of the CLC
mixture were achieved in the visible spectrum, which is of
signicance in the practical display applications. These rewrit-
able materials are expected to replace paper and lay the foun-
dation for the realization of inkless printing technology.
Besides, the reection wavelength of the cell can be extended to
NIR region (1175 nm) under irradiation of 530 nm light as ex-
pected. In the previously reported visible-light-driven CLC, high
doping concentration of 22.7 wt% was needed to induce helical
superstructures exhibiting dynamic reection colors, which
may narrow the temperature range of LC phase and increase
viscosity of the CLC.36 Here, the new types of visible-light-driven
chiral switches possess high HTP value, which can efficiently
induce and tune helical superstructures with low doping
concentration.

Thermal relaxation

As is well-known, the application of light-directed RGB reec-
tion colors change in CLCs doped with azo-based chiral
RSC Adv., 2018, 8, 38935–38940 | 38937
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Fig. 3 Reflection color images of the CLC mixture in a 5 mm planar cell with 15.8 wt% S-1-5 in E7 (a) upon consecutive visible light irradiation at
530 nm (15 mW cm�2) and (b) 445 nm (0.4 mW cm�2). Reflective spectra of the CLC mixture doped with 15.8 wt% S-1-5 in E7 upon consecutive
visible light irradiation at (c) 530 nm (15 mW cm�2) and (d) 445 nm (0.4 mW cm�2).

Fig. 4 Real cell images of CLC mixture in a 5 mm planar cell (2.0 cm �
2.5 cm) with 15.8 wt% S-1-5 in E7 upon irradiation of visible light
showing primary RGB colors and “CLC” pattern.

Fig. 5 Thermal back process of central reflection wavelength of
15.8 wt% S-1-5 in E7 from the PSS530 at room temperature (25 �C).
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switches was limited because of the competing thermal back
relaxation (cis–trans isomerization in darkness), which results
in the lack of stability.11 It's worth noting here that the thermal
relaxation process of the reection wavelength took about 50
38938 | RSC Adv., 2018, 8, 38935–38940
hours through the entire visible region (Fig. 5), illustrating that
our CLCs exhibit excellent thermal stability compared to that
with common azo-based chiral switches without uorine atoms,
which is 10 hours.37 The substitution of electron-withdrawing
uorine atoms may stabilize the cis isomers of the chiral
switches and therefore lead to the excellent thermal stability of
the CLCs.29,34 Better thermal stability of our newly designed
chiral switches results in color stabilities of the reecting
displays, which is of great importance in practical applications.
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Synthesis of visible-light-driven chiral switches.
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Conclusions

In conclusion, we have designed a series of visible-light-driven
chiral switches based on o-uorinated azobenzene. The
substitution of four uorine atoms endows chiral switches with
visible-light-driven two-way photoisomerization, and makes cis
isomers more thermally stable at the same time. A small
amount of S-1-5 is able to efficiently induce self-organized
helical superstructures in the CLC, whose reection color is
capable of being reversibly tuned in full-range visible spectrum.
The investigation of these intriguing materials would assist full
exploration of different potential applications of the CLCs, in
which high energy UV light is unfavourable.
Experimental
Materials and methods

All chemicals and solvents were purchased from commercial
suppliers and used without further purication. 1H NMR, 13C
NMR and 19F NMR spectra were recorded in CDCl3. Chemical
shis are in d units (ppm) with the residual solvent peak as the
internal standard. The coupling constant (J) is reported in hertz
(Hz). NMR splitting patterns are designed as follows: s, singlet;
d, doublet; t, triplet; and m, multiplet. UV-vis spectrum was
taken by a Perkin Elmer Lambda 650 Spectrometer. Textures,
contact areas, reection colors and distance changes of dis-
clination lines were observed by a Leika DM2500p polarizing
optical microscopy (POM). 530 nm light irradiation was carried
out by a CCS HLV-24GR-3W LED light source. 445 nm light
irradiation was carried out by a JD BL-445-300 laser light source.
Reection spectra of CLCs were examined with an Ideaoptica
spectrometer.
Synthesis of chiral switches

Synthesis of intermediate 1. (S)-(�)-1,10-Binaphthyl-2,20-
diamine (0.48 g, 1.7 mmol) was dissolved in a solution of H2O (9
This journal is © The Royal Society of Chemistry 2018
mL) and concentrated HCl (1.3 mL). The solution was cooled to
0 �C with ice water bath. A solution of sodium nitrite (0.29 g, 4.2
mmol) in H2O (10 mL) was added dropwise with stirring. The
solution of 3,5-diuorophenol (0.50 g, 3.87 mmol) and NaOH
(0.45 g, 11.3 mmol) in H2O (15 mL) was dropped into the
resulting brown yellow suspension. The suspension was acidi-
ed with aqueous HCl and ltered. The precipitate was washed
with H2O and dried to get the crude product, which was puried
by chromatography on silica gel with dichloromethane/ethyl
acetate (19 : 1) to give a red brown solid (0.25 g, 26%). 1H
NMR (500 MHz, CDCl3) d ¼ 8.19–8.05 (m, 4H), 7.98 (d, J ¼
8.2 Hz, 2H), 7.51 (t, J ¼ 7.2 Hz, 2H), 7.34–7.21 (m, 4H), 6.17 (d, J
¼ 12.8 Hz, 4H).

General procedure for the synthesis of intermediate 4. To
a magnetically stirred mixture of 2 (1.0 mmol) and 3 (1.4 mmol)
in toluene (20 mL) at ambient temperature under Ar atmo-
sphere was added a solution of potassium carbonate (4.0 mmol)
in H2O (10 mL). A small amount of methyltrioctylammonium
chloride and Pd(PPh3)4 were added to the solution. The reaction
mixture was then slowly heated to reux for 12 h and cooled to
ambient temperature. The solvents were removed under
reduced pressure. The crude product was puried by chroma-
tography on silica gel with dichloromethane to give the white
pure product.

4a. White solid, 89% yield. 1H NMR (400 MHz, CDCl3) d ¼
7.50 (dd, J ¼ 8.2, 6.6 Hz, 4H), 7.25 (t, J ¼ 8.2 Hz, 4H), 3.71 (t, J ¼
6.4 Hz, 2H), 2.75 (t, J¼ 7.8 Hz, 2H), 2.63 (t, J¼ 7.8 Hz, 2H), 1.98–
1.89 (m, 2H), 1.70–1.60 (m, 2H), 1.42–1.31 (m, 2H), 0.90 (t, J ¼
7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) d ¼ 141.89, 140.57,
138.84, 138.35, 128.80, 126.99, 126.82, 62.34, 35.59, 34.23,
31.72, 31.59, 31.21, 22.59, 14.07.

4b. White solid, 90% yield. 1H NMR (500 MHz, CDCl3) d ¼
7.58 (d, J ¼ 8.2 Hz, 2H), 7.51 (d, J ¼ 8.2 Hz, 2H), 7.42 (d, J ¼
8.0 Hz, 2H), 7.25 (d, J ¼ 8.1 Hz, 2H), 4.73 (s, 2H), 2.63 (t, J ¼
7.8 Hz, 2H), 1.72–1.66 (m, 2H), 0.98 (t, J ¼ 7.3 Hz, 3H). 13C NMR
(500 MHz, CDCl3) d ¼ 141.97, 140.65, 139.55, 138.16, 127.46,
127.17, 126.91, 65.19, 37.71, 24.58, 13.91.

4c. White solid, 96% yield. 1H NMR (500 MHz, CDCl3) d ¼
7.59 (d, J ¼ 8.2 Hz, 2H), 7.51 (d, J ¼ 8.1 Hz, 2H), 7.43 (d, J ¼
8.4 Hz, 2H), 7.26 (d, J ¼ 8.0 Hz, 2H), 4.74 (s, 2H), 2.64 (t, J ¼
7.8 Hz, 2H), 1.69–1.62 (m, 2H), 1.39–1.33 (m, 4H), 0.90 (t, J ¼
6.8 Hz, 3H). 13C NMR (500 MHz, CDCl3) d ¼ 142.20, 140.62,
139.57, 138.12, 128.84, 127.43, 127.13, 126.90, 65.14, 35.59,
31.57, 31.16, 22.56, 14.03.

General procedure for the synthesis of S-m-n. To a magneti-
cally stirred solution 1 (1.0 mmol) and PPh3 (3.0 mmol) in
anhydrous THF (20 mL) at ambient temperature under Ar
atmosphere was added dropwise a mixture of 4 (2.5 mmol) and
diethyl azodicarboxylate (3.0 mmol) in THF (10 mL). The reac-
tion mixture was then slowly warmed to reux for 12 h and
cooled to ambient temperature. The solvents were removed
under reduced pressure. The crude product was puried by
chromatography on silica gel with dichloromethane/petroleum
ether (2 : 3) to give the orange product.

S-3-5. Orange solid, 60% yield. 1H NMR (400 MHz, CDCl3) d¼
8.11 (d, J ¼ 9.0 Hz, 2H), 8.04–7.91 (m, 4H), 7.56–7.40 (m, 12H),
7.31–7.17 (m, 10H), 6.31 (d, J ¼ 10.6 Hz, 4H), 3.86 (t, J ¼ 6.3 Hz,
RSC Adv., 2018, 8, 38935–38940 | 38939
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2H), 2.76 (t, J ¼ 7.5 Hz, 4H), 2.67–2.58 (m, 4H), 2.10–2.01 (m,
4H), 1.69–1.60 (m, 4H), 1.39–1.31 (m, 8H), 0.91 (t, J ¼ 6.8 Hz,
6H). 13C NMR (126 MHz, CDCl3) d ¼ 160.38, 158.28, 158.22,
156.20, 156.15, 149.57, 141.93, 139.63, 139.06, 138.24, 137.89,
134.63, 134.20, 128.87, 128.78, 128.03, 127.97, 127.18, 127.04,
126.80, 126.50, 113.56, 99.05, 98.84, 67.65, 35.58, 31.57, 31.50,
31.16, 30.29, 22.56, 14.03. 19F NMR (400 MHz, CDCl3) d ¼
�118.05. Mp: 63 �C; MS (ESI): (M + H)+ 1095.51, found 1095.51.

S-1-3. Orange solid, 55% yield. 1H NMR (500 MHz, CDCl3) d¼
8.11 (d, J ¼ 9.0 Hz, 2H), 7.98 (dd, J ¼ 25.8, 8.5 Hz, 4H), 7.57 (d, J
¼ 8.3 Hz, 4H), 7.53–7.35 (m, 12H), 7.31–7.23 (m, 6H), 6.41 (d, J¼
10.4 Hz, 4H), 4.98 (s, 4H), 2.62 (t, J ¼ 7.6 Hz, 4H), 1.73–1.62 (m,
4H), 0.97 (t, J ¼ 7.3 Hz, 6H). 19F NMR (400 MHz, CDCl3) d ¼
�117.87. Mp: 85 �C; MS (ESI): (M + H)+ 983.39, found 983.39.

S-1-5. Orange soild, 60% yield. 1H NMR (400 MHz, CDCl3) d¼
8.11 (d, J ¼ 9.0 Hz, 2H), 8.04–7.90 (m, 4H), 7.56 (d, J ¼ 8.2 Hz,
4H), 7.53–7.41 (m, 8H), 7.37 (d, J ¼ 8.3 Hz, 4H), 7.31–7.21 (m,
6H), 6.40 (d, J ¼ 10.4 Hz, 4H), 4.98 (s, 4H), 2.63 (t, J ¼ 15.6 Hz,
4H), 1.65 (m, 4H), 1.38–1.32 (m, 8H), 0.90 (t, J ¼ 14.0 Hz, 6H).
13C NMR (126 MHz, CDCl3) d ¼ 160.01, 158.23, 158.17, 156.15,
156.09, 149.58, 142.40, 141.40, 137.95, 137.85, 134.66, 134.17,
134.03, 128.90, 128.86, 128.05, 127.97, 127.89, 127.28, 127.23,
126.94, 126.53, 113.55, 99.49, 99.28, 70.47, 35.58, 31.55, 31.14,
22.55, 14.02. 19F NMR (400MHz, CDCl3) d¼�117.86. Mp: 72 �C;
MS (ESI): (M + H)+ 1039.45, found 1039.45.
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