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A series of triphenylethylene derivatives exhibited multi-
photoresponsive properties, including photochromism, photode-
formation and room temperature phosphorescence (RTP), which
are strongly related to molecular conformations and packing in the
aggregated states. Accordingly, these properties can be subtly
adjusted by substituents to the center double bond and/or peri-
pheral phenyl moieties. The introduction of bromine atom was
beneficial to photochromism and photodeformation properties as
a result of the additional C—H---Br interactions and electron-
withdrawing property. Also, it can promote the RTP effect via heavy
atom effect, resulting in persistent afterglow lasting up to 150 min
as detected by chemiluminescent imaging system.

Introduction

Photoresponsive properties have a tremendous impact on
advanced materials, as they can endow static materials with
dynamic properties, including changes of color, shape and
emission. These changeable properties are mainly due to the
varied molecular structures and aggregated forms present
under different conditions, and are determined by possible
photoinduced molecular motions and chemical reactions in
most cases. For photochromic properties, isomerization
induced by irradiation with at least two states is required.™°
Furthermore, the two isomers should exhibit different colors
caused by discrepant conjugated subjects."*™*® This reversible
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New concepts

Various photoresponsive properties, including photochromism, photo-
deformation and room temperature phosphorescence (RTP), have been
attracting increasing interest and exhibit potential applications in photo-
switches, photoactuators, chemo-/biosensors, data encryption and 3D
printing. However, they are seldom combined in one compound, partially
because of the varied responsive mechanisms under UV irradiation,
which are dependent on the dynamic molecular aggregates formed under
different conditions. In this text, multi-photoresponsive properties were
realized in triphenylethylene derivatives with adjustable molecular
aggregates by the introduction of different substituents, providing a
platform to investigate inherent mechanisms and related applications.
The incorporation of electron-withdrawing moieties can improve the
photochromism and photodeformation performance by a promoted
photoinduced cyclization process, and the RTP effect was produced via
heavy atom effect and optimized aggregation structures in the crystalline
state. These multiple photoresponsive properties can integrate the
applications from photochromism, photodeformation and RTP into a
single component, which can promote the development of smart
materials actuated by light irradiation.

photoisomerization as photochemical driving force can result
in a photodeformable property in some cases, demonstrating
the double switch of color and shape under light stimulus.'”>*
It can be further optimized by the aid of a polymer matrix.
However, the photoluminescence property is seldom connected
with these photoswitchable properties, because of the possible
energy loss in photochromic and photodeformable processes.
Especially, room temperature phosphorescence (RTP), which is
sensitive to molecular motions in excited states, is hard to
achieve in the dynamic state by UV irradiation.**® Moreover,
the efficient intersystem crossing (ISC) process and stable
triplet excited states as the required elements for RTP are
difficult to realize in organic materials, partially due to the
weak spin-orbit coupling (SOC) between singlet and triplet
excited states.>”*?

Thus, achieving a combination of various photoresponsive
properties is a complex and challenging task, because of
the different requirements and possible contradictions in the
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photoinduced process. For instance, the photochromic process
is competitive with photoluminescence in most cases, mainly
related to the identical consumption of singlet or triplet state.

Herein, triphenylethylene with photochromic property is
selected as the skeleton, which can demonstrate a photocycli-
zation process under UV irradiation, resulting in an extended
conjugation system with red-shifted absorption.**"*> Moreover,
some functional moieties are incorporated into the center
double bond and/or peripheral phenyl moieties of triphenyl-
ethylene to adjust the molecular configurations and electronic
properties. Notably, multi-photoresponsive properties with the
combination of photochromism, photodeformation and RTP
have been realized in these triphenylethylene derivatives, which
are mainly related to the promoted photoinduced cyclization
and ISC process by bromine substituents. Their electron-
withdrawing properties can increase yields of photochemical
reactions and extend absorption spectra. The heavy atom effect
of bromine atoms benefits the ISC process, and molecular
aggregates can be optimized by the additional C-H- - -Br inter-
actions in the crystalline states, which are helpful to stabilize
excited triplet states. As a result, all these triphenylethylene
derivatives can exhibit photochromism, photodeformation and
RTP simultaneously. Among these compounds, TPFBr2 exhibits
the strongest absorption of 49% after UV irradiation, which is
caused by the introduction of electron-withdrawing substitu-
ents including trifluoromethyl and bromine ones. Poly(ethylene
terephthalate) (PET) film doped with 2.5 wt% TPMBr2 has the
maximum photodeformation with bending angle of 130°,
mainly due to the promoted interactions between PET matrix
and TPMBr2 molecules by bromine substituents, while TPMBr
exhibits persistent RTP emission with a lifetime of 297.0 ms
and lasting for 150 min as detected by chemiluminescent
imaging system.

Results and discussion

These compounds exhibited multi-responsive properties under
UV irradiation, which are related to the photochemical reac-
tion, and the radiative transition by photoexcitation (Fig. 1).
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All of them can be explained by the adjustable molecular
conformations, intermolecular interactions and packing
modes, which are dominated by the substituents to the central
double bond and phenyl moieties. For photochromic and
photodeformation properties, the photoinduced chemical reac-
tions play the key role, which are mainly determined by the
molecular conformations and electronic properties of photo-
active phenyl moieties. RTP property is largely related to the
molecular packing”®™® and possible heavy atom effect, which
affect the ISC process and the stability of excited triplet states at
room temperature.

Photochromic property

These triphenylethylene derivatives are white powders or color-
less crystals in the natural state (Fig. 2a). After UV irradiation
(365 nm) for 5 s, the color can change to orange or purple
rapidly, with peaks in the range of 480-520 nm appearing in the
reflectance spectra (Fig. 2a and Fig. S1, ESIT). Either introduc-
tion of a bromine atom or the replacement of methyl group by
trifluoromethyl resulted in the red shift of absorption as a
result of their electron-withdrawing property. TPM turned to
orange with a peak at 480 nm appearing in reflectance spectra
under UV irradiation, while others exhibited purple color with
peaks in the range of 512-520 nm in the reflectance spectra
(Fig. 2b).

The photochromic process is rapid and tends to equili-
bration after UV irradiation of 5 s. However, this process cannot
be expressed by the reflection spectra because of the large
overlap of photoluminescence and reflection spectra under
UV irradiation. Alternatively, the photochromic bleaching pro-
cess can be shown by the reflectivity decay. As shown in Fig. 2b,
reflectivities of TPF series after UV irradiation exhibit decreas-
ing values with the incorporation of bromine atoms, from TPF
(85%), to TPFBr (57%), then to TPFBr2 (51%). Since they exhibit
a similar molar extinction coefficient (Fig. 2c), the trend
indicates that the bromine substituent can promote the photo-
induced cyclization process. This is mainly related to the
molecular configurations in different conditions. The dihedral
angles of photoactive phenyl moieties of TPF, TPFBr, and
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Fig. 1 Chemical structures and photoinduced cyclization process of triphenylethylene derivatives as well as schematic diagram of multi-

photoresponsive properties.
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(a) Photographs of triphenylethylene derivatives in initial state and after UV irradiation for 5 s, molecular conformations of triphenylethylene

derivatives with dihedral angles between photoactive phenyl rings, intramolecular interactions of triphenylethylene derivatives and corresponding
distances (C—H- - - interactions are labeled by blue dotted lines and C—H- - -F interactions are labeled by red dotted lines). (b) Reflectance property of TPM
series after UV irradiation for 5 s. (c) UV-visible absorption spectra of TPM series in DCM solution (1 x 10~° mol L™%). (d) Reflectance property of TPF series

after UV irradiation for 5 s. (e) UV-visible absorption spectra of TPF series in

TPFBr2 are 62.06°, 59.95° and 55.62°, respectively (Fig. 2d). The
smaller dihedral angles of photoactive phenyl rings of the
triphenylethylene skeleton in the initial state are close to those
in the ring-closure state, beneficial to the cyclization process. As
to the TPM series, the lowest reflectivity (58%) is achieved by
TPMBr2 with two bromine substituents, which also proves the
advantage of bromine atoms in the adjustment of molecular
configurations. It demonstrated the smallest dihedral angles of
photoactive phenyl rings (54.54°) in the TPM series. However,
TPM exhibited lower reflectivity (60%) than TPMBr (74%),
which is not only related to the involved dihedral angles, but
also to the intramolecular interactions. Seven kinds of C-H- - -n
interactions with average distance of 3.624 A exist in TPM,
while seven kinds of C-H- - - interactions with average distance
of 3.542 A and 3.544 A exist in TPMBr and TPMBr2, respectively.
It is obvious that TPM possesses the weakest intramolecular

370 | Mater. Horiz., 2022, 9, 368-375

DCM solution (1 x 107> mol LY.

interactions, which would decrease the hindrance for molecu-
lar motions under UV irradiation. Thus, the photoactive phenyl
moieties can achieve the parallel mode from the twisted state
rapidly, promoting to the photoinduced cyclization process.
Also, a similar trend can be observed for the ground state
(Fig. S2, ESIY).

Moreover, these triphenylethylene derivatives demonstrate
great repeatability of photochromic capacities (Fig. S3, ESIt),
favoring applications for data encryption or optical switching.
The relatively weak photochromic capacity of TPF is attributed
to the strong intramolecular interactions (C-H- - -F) and unde-
sirable configurations with large dihedral angles between
photoactive phenyl rings, which have an adverse impact on
the photocyclization process. Also, the smaller change (less
than 20%) of reflectance under different conditions resulted in
the poor repeatability for low SNR (signal to noise ratio).

This journal is © The Royal Society of Chemistry 2022
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Photodeformation property

The photodeformation property of these triphenylethylene
derivatives was achieved with the assistance of PET as the
matrix. The fabrication processes are shown in Fig. 3a, and
PEDOT:PSS aqueous solution was spin-coated on a glass sub-
strate before PET doped with 2.5% triphenylethylene deriva-
tives was drop-cast. Then the doped PET film was separated
from the glass substrate by being dipped in water and dried in a
vacuum drying oven. All the doped PET films in the natural
state exhibit nearly no photodeformation property under UV
irradiation (365 nm), mainly due to the tiny change of triphenyl-
ethylene derivatives. Thus, with the aim of transferring the
microscopic molecular motions to film deformation efficiently,
the doped PET films are simply stretched in one direction to
induce the crystallization process, according to our previous
work.”* All of the stretched films can shrink to the initial state
after UV irradiation for 5 s (Fig. S5-S10, ESIt), and good
repeatability can be realized by the stretching and photo-
induced shrinking process alternately. The pure PET film
cannot exhibit the photodeformation property in the stretched
state (Fig. S4, ESIt), indicating the key role of these tripheny-
lethylene derivatives in photoinduced cyclization activity. Even
when the doped PET films were stretched to the break limit,
they can roughly shrink to the initial length rapidly (Fig. S11
and S12, ESIY).

Also, the stretched films can be bent to a cylindrical state by
UV stimulus to different degrees. The bending angles of TPM-
PET, TPMBr-PET and TPMBr2-PET films are 85°, 101° and 130°,
respectively, while those of TPF-PET, TPFBr-PET and TPFBr2-
PET films are 30°, 70° and 75°, respectively. The obvious trend
in both methyl- and trifluoromethyl-substituted triphenylethy-
lene derivatives is that the doped films exhibited wider bending
angles with the incorporation of bromine substituents. As
mentioned above, the favorable conformations were achieved
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with smaller dihedral angles of photoactive phenyl moieties via
the introduction of bromine substituents, contributing to the
photocyclization process. Also, bromine substituents can
induce possible hydrogen bonding between triphenylethylene
derivatives and PET matrix, which can enhance their interac-
tions, favoring the photodeformation process.

Thus, the photodeformation property should be derived
from the molecular motions in the photoinduced cyclization
reaction, and amplified by the polymer matrix with crystalline
state and the interactions between triphenylethylene deriva-
tives and PET. The bending angle as the key element of the
photodeformation property is mainly determined by the degree
of cyclization reaction, which exhibits the same trend as the
photochromic property, and indicates the advantage of bro-
mine substituents to peripheral phenyl moieties.

However, the TPF-PET series exhibited smaller bending
angles than the TPM-PET series. This was mainly due to the
additional C-H- - -F intramolecular interactions, which largely
restricted the molecular motions. They may hinder the photo-
cyclization process and decrease the amplitude of configu-
ration variation, resulting in the weaker photodeformation

property.

Room-temperature phosphorescence property

RTP property of organic materials is mainly determined by the
ISC process and the stability of excited triplet states.*>*° Until
now, there have been no reports about the RTP effect of
triphenylethylene derivatives, mainly due to the possible bar-
rier in the ISC process. In our system, the six triphenylethylene
derivatives exhibit an obvious RTP effect with different life-
times and wavelengths. The introduction of bromine substitu-
ents increased the SOC between singlet and triplet excited
states via the heavy atom effect, promoting the ISC process.
Accordingly, the triphenylethylene derivatives with bromine

water

doped PET film

Fig. 3 (a) Schematic of doped PET film fabrication process (2.5 wt% triphenylethylene derivatives in PET) as well as photodeformation property.
(b) Photographs of doped PET films (2 cm x 1 cm) with photoinduced bending process and corresponding bending angles (in the upper left corner of

each picture).

This journal is © The Royal Society of Chemistry 2022

Mater. Horiz., 2022, 9, 368-375 | 371


https://doi.org/10.1039/d1mh01207j

Published on 06 September 2021. Downloaded on 3/14/2026 10:00:18 PM.

Materials Horizons

(@)

[ TPM-PL TPF-PL
—e—TPM-Phos —e—TPF-Phos
£ z
] ]
c £ 2
£ (] TPMBr-PL £ TPFBr-PL
> [ —e—TPMBr-Phos e —e— TPFBr-Phos
o A\ o
& £
g E | A
5 S = —
= W TPMBr2-PL | Z [ TPFBr2-PL
—e— TPMBr2-Phos — e TPFBr2-Phos
350 400 450 500 550 600 650 700 400 450 500 550 600
(b) Wavelength (nm) Wavelength (nm)
104 10477
s < TPM r=136ms ' * TPF t=771ps
108 « TPMBr 7=297.0ms 1034 . © TPFBr  7=28.8ms
@ S « TPMBr2 7=210.1ms 2 © TPFBr2 =934 ms
- 1 T
R g
o Eﬁ,&‘ o
101
100
0 1 2 3 4 5 00 02 04 06 08 10
(© Time (s) Time (s)
O CHm ® C-HBr % C-HF
24 24
PM . TPF
28 ° 2.8 .
32 ° 32 * * °
38 o ° 36 * o *
. Q 40 ¢
2 4 6 8 10 2 4 6 8 10
24 _ 24
< ° MBr | N TPFBr
o 28 L4 o 289 *
Q P o Q.1 o
E 32 N . E 32 g 4 .
°
g 36 4 3 g 3.64 $ °
4.0 Qo n Q *
2 4 6 8 10 2 4 6 8 10
2.4 24
TPMBr2 H TPFBr2
238 28
< [ <
32y o ° 32 3 * .
36 o « ° 369 * e *
4.0 L Q 4.0 < [ *
2 4 6 8 10 2 4 6 8 10
Quantity Quantity

Fig. 4 (a) Photoluminescence and RTP spectra of triphenylethylene deri-
vatives. (b) RTP decay of triphenylethylene derivatives. (c) The distance and
quantity of intermolecular interactions of triphenylethylene derivatives
from each molecule with adjacent ones in single crystals.

substituents exhibited much longer RTP lifetime in both TPM
and TPF series, compared to those without bromine atoms. In
the crystal state, the RTP lifetimes of TPM, TPMBr and TPMBr2
are 13.6 ms, 297.0 ms and 210.1 ms, respectively, while those of
TPF, TPFBr and TPFBr2 are 77.1 ps, 28.8 ms and 93.4 ms,
respectively (Fig. 4a and b). Also, the time that the afterglow
lasted as detected by chemiluminescent imaging system exhib-
ited a similar trend, and TPMBr exhibited the longest time up
to 150 min (Fig. S13, ESI{). Moreover, the varied RTP effect is
maintained after grinding, exhibiting a similar trend to that in
single crystals (Fig. S14-S17 and Tables S1, S2, ESIt). Thus, the
RTP effect of these triphenylethylene derivatives can be realized
for different aggregated states, favoring their application in
anti-counterfeiting and bioimaging fields.

The emission wavelengths of photoluminescence and RTP
spectra were red-shifted with the incorporation of bromine, and
the differences are larger in the TPM series (about 80 nm) than
in the TPF series (about 40 nm). This was mainly related to the
promoted intramolecular charge transfer by the electron-
withdrawing property of bromine atoms. It can be further
confirmed by the red shift of absorption spectra in dilute

372 | Mater. Horiz., 2022, 9, 368-375
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solution (1 x 107° mol L™" in DCM). Also, the quantum yields
of photoluminescence varied with the introduction of different
numbers of bromine atoms, and mono-bromine-substituted
triphenylethylene derivatives demonstrated the highest values
both in TPM and TPF series in crystalline states. TPMBr
exhibited photoluminescence quantum yield of 67.47%, higher
than the 47.88% of TPM and 26.04% of TPMBr2.

The optimized photoluminescence and RTP property as a
result of bromine atom introduction was not only related to the
heavy atom effect, but also the additional C-H- - -Br interactions
in the aggregated state. As shown in Fig. 4c, 11 and 35 kinds of
C-H- - -Br interactions existed in TPMBr and TPMBr2 crystals
among each molecule and adjacent ones, respectively, and their
C-H- - -n interactions only exhibited a little change, compared
to those of TPM without bromine atom. Thus, the whole
molecular aggregates become rigid with the increased inter-
molecular interactions, which can suppress possible molecular
motions, beneficial to the stability of the excited triplet state.
A similar trend can be also observed in the TPF series (Fig. S18-
S23, ESIY).

Furthermore, molecular packing exhibited subtle variations
in these triphenylethylene derivatives due to the changeable
molecular configurations and intermolecular interactions. In
detail, the TPM series exhibited layer-by-layer stacking modes,
roughly parallel to the center double bonds, while those of the
TPF series are skewed to the center double bonds (Fig. 5 and
Fig. S24, S25, ESIT). For the TPM series, the introduction of
bromine atoms can result in compact molecular packing with
decreased interlayer distances: in detail, 4.853 A and 3.972 A for
TPMBr, and 4.383 A and 4.362 A for TPMBr2, with 5.130 A and
4.639 A for TPM as a reference. The smallest distance of 3.972 A
for TPMBr can benefit the electronic coupling of adjacent
molecules in the aggregated state, contributing to the longest
lifetime (297.0 ms) and lasting time (150 min) of RTP emission.
In the TPF series, the effect of bromine atoms on molecular
packing is less than that in the TPM series, mainly due to the
existence of C-H- - -F interactions of 21, 24 and 29 kinds in TPF,
TPFBr and TPFBr2, respectively. Their crystal structures exhib-
ited the impact molecular packing with interlayer distances
over 5.6 A. Thus, the RTP lifetime in the TPF series exhibited an
increasing trend with increasing number of bromine substitu-
ents, mainly determined by the heavy atom effect and inter-
molecular interactions.

It is worth mentioning that the in situ photoluminescence
spectra of triphenylethylene derivatives exhibit nearly no
change under UV irradiation for 60 s (Fig. S26, ESIt), regardless
of the obvious color change at the same time. This might be
related to the low photocyclization yields of triphenylethylene
derivatives, which demonstrates the weak competition with the
photoluminescence process in the excited states. Thus, multi-
ple photoresponsive properties, including photochromism,
photodeformation and RTP, can be realized in these tripheny-
lethylene derivatives without obvious conflict, and mainly
related to the different photoinduced processes under UV
irradiation. Basically, the RTP effect is derived from the initial
state of these compounds, which is promoted by the heavy

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Molecular packing of triphenylethylene derivatives in single crystals.

atom effect and strong intermolecular interactions. Photode-
formation is induced by molecular motions during the photo-
induced cyclization process, which is amplified by the
well-organized aggregated structure of polymer matrix in the
stretched state. Photochromism is related to the terminal state
of photoinduced cyclization reaction, which exhibited enhanced
intramolecular charge transfer by extended conjugation, result-
ing in the obvious color change in the solid state.

Conclusions

In summary, multiple photoresponsive properties, including
photochromism, photodeformation and RTP, are realized in
triphenylethylene derivatives for the first time. The dynamic
photochromism and photodeformation processes are mainly
due to the twisted triphenylethylene skeleton, and the photo-
induced cyclization reaction promoted by bromine substitu-
ents. Accordingly, the heavy atom effect and the C-H:--Br
interactions promote ISC, and largely stabilize the excited
triplet states, resulting in the persistent RTP. These photore-
sponsive properties heavily depend on molecular configura-
tions and intermolecular interactions, which can be well
adjusted by the position and number of bromine substituents.
Thus, these results provide an efficient and simple strategy to
achieve multiple photoresponsive properties by the rational
design of molecular structures.

Experimental section
Instrumentation

Tetrahydrofuran was distilled from sodium potassium alloy
under an atmosphere of argon. Chemical reagents and solvents
were obtained commercially and used without further purifica-
tion. '"H and C NMR spectra were recorded with a Bruker
Avance III HD 400 MHz using tetramethylsilane (TMS; ¢ =
0 ppm) as internal standard. Elemental analyses were per-
formed with a PerkinElmer microanalyzer. Mass spectra were

This journal is © The Royal Society of Chemistry 2022

measured using a ZAB 3F-HF mass spectrophotometer. Photo-
luminescence spectra, quantum yields and lifetimes were
determined with an FLS980 spectrometer. The single-crystal
X-ray diffraction data were collected with a Bruker Smart Apex
CCD diffractometer. The time-dependent reflectance spectra
and in situ photoluminescence were collected from an Ocean
Optics QE65 Pro spectrometer. Afterglow photographs were
taken with a Tanon 5200 Multi chemiluminescent imaging
system. An LED irradiator (CCS, HLV-24GR-3W) was used as
UV source in the photodeformation process.

The general synthesis route of triphenylethylene derivatives

Under an atmosphere of nitrogen, zinc powder (5.36 g,
82 mmol) and tetrahydrofuran (200 mL) were added in a
500 mL two-neck flask. After cooling to 0 °C, TiCl, (4.4 mL,
40 mmol) was added dropwise. The mixture was heated to
70 °C, and refluxed for 2 hours. Then, diphenyl ketone or
4-bromodiphenyl ketone or 4,4’-dibromodiphenyl ketone
(10 mmol) and acetophenone or o,a,a-trifluoroacetophenone
(10 mmol) were added. The resultant mixture was stirred at
70 °C overnight. After cooling to room temperature, water was
added, and the mixture was extracted with dichloromethane
several times. The combined organic layers were dried over
anhydrous Na,SO,4, and concentrated by rotary evaporation.
The crude product was purified by recrystallization from hex-
ane and/or by column chromatography on silica gel using
petroleum ether as the eluent. All the target compounds were
characterized by "H NMR, *C NMR, MS and EA (Fig. S27-S38,
ESIY).

TPM. White solid (1.17 g, 43.2%). "H NMR (400 MHz,
CD,Cl,) 6 (ppm): 7.42-7.38 (m, 2H, ArH), 7.33-7.28 (m, 3H,
ArH), 7.19-7.12 (m, 5H, ArH), 7.10-7.04 (m, 3H, ArH), 6.96-6.94
(m, 2H, ArH), 2.15 (s, 3H, CH;). **C NMR (100 MHz, CD,Cl,) §
(ppm): 144.11, 143.55, 143.26, 139.26, 135.83, 130.67, 129.77,
129.22, 128.12, 127.75, 127.38, 126.54, 126.10, 125.76, 23.07. MS
(EL, m/z): caled for Cy;Hqg, 270.38; found, 270.10. Anal. caled for
Co1Hyg: C, 93.29; H, 6.71. Found: C, 93.02; H, 6.75.
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TPMBr. White solid (312 mg, 4.5%). '"H NMR (400 MHz,
CD,Cl,) 6 (ppm): 7.55-7.51 (m, 2H, ArH), 7.20-7.14 (m, 7H,
ArH), 7.09-7.05 (m, 3H, ArH), 7.10-7.04 (m, 3H, ArH), 6.95-6.92
(m, 2H, ArH), 2.15 (s, 3H, CH;). "*C NMR (100 MHz, CD,Cl,)
0 (ppm): 143.81, 142.74, 142.52, 138.08, 136.55, 131.67, 131.25,
130.70, 129.15, 127.80, 127.48, 126.27, 125.98, 120.41, 23.09. MS
(EL, m/z): caled for C,,H,,Br, 349.27; found, 350.05. Anal. Calcd
for C,,H,,Br: C, 72.22; H, 4.91. Found: C, 72.40; H, 4.85.

TPMBr2. White solid (1.11 g, 26.8%). "H NMR (400 MHz,
CDCl3) § (ppm): 7.49-7.47 (m, 2H, ArH), 7.20-7.08 (m, 9H, ArH),
6.73-6.71 (m, 2H, ArH), 2.11 (s, 3H, CH;). "*C NMR (100 MHz,
CD,Cl,) § (ppm): 143.29, 141.87, 141.50, 137.24, 136.97, 132.49,
131.77, 131.45, 130.73, 129.11, 128.16, 126.68, 120.88, 120.14,
23.47. MS (EI, m/z): caled for C,;H;6Br,, 428.17; found, 427.90.
Anal. caled for C,;H;6Br,: C, 58.91; H, 3.77. Found: C, 59.05;
H, 3.66.

TPF. White solid (0.86 g, 26.6%). "H NMR (400 MHz, CDCl;)
0 (ppm): 7.39-7.30 (m, 5H, ArH), 7.25-7.19 (m, 5H, ArH), 7.04-
7.02 (m, 3H, ArH), 6.93-6.91 (m, 2H, ArH). "*C NMR (100 MHz,
CD,Cl,) § (ppm): 150.36, 140.94, 140.49, 135.00, 131.42, 129.65,
129.28, 128.50, 128.01, 127.93, 127.86, 127.70, 127.36, 124.99,
122.25. MS (EI, m/z): caled for C,;H;5F3, 324.35; found, 324.05.
Anal. caled for C,H 5F5: C, 77.77; H, 4.66. Found: C, 77.50;
H, 4.60.

TPFBr. White solid (0.21 g, 5.3%). '"H NMR (400 MHz,
CD,Cl,) & (ppm): 7.47-7.41 (m, 3H, ArH), 7.36-7.34 (m, 2H,
ArH), 7.31 (s, 5H, ArH), 7.26-7.23 (m, 2H, ArH), 6.89-6.86
(m, 2H, ArH). *C NMR (100 MHz, CD,Cl,) § (ppm): 149.35,
139.95, 134.53, 131.25, 130.90, 129.88, 129.60, 128.37, 128.35,
128.13, 128.09, 124.92, 122.18, 121.55, 119.45. MS (EI, m/z):
caled for C,,H4F;Br, 403.24; found, 403.95. Anal. calcd for
C,1H,4F3Br: C, 62.55; H, 3.50. Found: C, 62.44; H, 3.33.

TPFBr2. White solid (1.21 g, 25.2%). "H NMR (400 MHz,
CD,Cl,) 6 (ppm): 7.55-7.52 (m, 2H, ArH), 7.27-7.17 (m, 9H,
ArH), 6.82-6.78 (m, 2H, ArH). "*C NMR (100 MHz, CD,Cl,)
o (ppm): 148.05, 139.37, 138.88, 134.25, 131.36, 131.30, 131.16,
131.01, 130.21, 128.28, 128.18, 124.79, 122.33, 122.05, 121.82.
MS (EI, m/z): caled for Cy1H;3F3Br,, 482.14; found, 481.85. Anal.
caled for C,;H,3F;Br,: C, 52.32; H, 2.72. Found: C, 52.43;
H, 2.56.
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