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/Abstract: A novel molecular design strategy is provided to
rationally tune the stimuli response of luminescent materials
with aggregation-induced emission (AIE) characteristics. A
series of new AlE-active molecules (AIE rotors) are prepared
by covalently linking different numbers of tetraphenylethene
moieties together. Upon gradually increasing the number of
rotatable phenyl rings, the sensitivity of the response of the
AIE rotors to viscosity and temperature is significantly
enhanced. Although the molecular size is further enlarged,

the performance is only slightly improved due to slightly in-
creased effective rotors, but with largely increased rotational
barriers. Such molecular engineering and experimental
results offer more in-depth insight into the AIE mechanism,
namely, restriction of intramolecular rotations. Notably,
through this rational design, the AIE rotor with the largest
molecular size turns out to be the most viscosensitive
luminogen with a viscosity factor of up to 0.98.

/

Introduction

Stimuli-responsive luminescent materials are of great interest
either in academic research or for practical applications. Nu-
merous studies have been conducted to develop varieties of
stimuli-responsive fluorescent systems, such as pH indicators,™
temperature monitors,>®%1%  pressure sensors,® viscosity
probes,” mechanochromic materials,” and light switches,®*"
mainly to extensively explore their functions and mechanisms.
Meanwhile, the sensitivity and tunability of the response is
also crucial to achieve good performance of stimuli-responsive
materials. Therefore, molecular design strategies to regulate
the sensitivity should also be established to acquire tunable
stimuli responses and satisfy different requirements for various
applications; however, these are rarely investigated.”
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By taking excimer/exciplex formation,® Férster resonance

energy transfer (FRET),®™? charge transfer,"” excited-state
intramolecular proton transfer (ESIPT)," and so forth as the
working principles, many stimuli-responsive luminescent sys-
tems have been designed with conventional chromophores as
their signal reporters; however, these normally encounter the
aggregation-caused quenching (ACQ) effect."? On the contrary,
luminescent materials with aggregation-induced emission (AIE)
characteristics, after more than 10 years of development,™
have also been widely explored for the response of different
smart systems to pH,'*" temperature,">"” viscosity,'® pres-
sure, mechanical force,"” and so forth. Their working strategy
is mainly based on the restriction of intramolecular rotations
(RIR), which was proposed and extensively verified as the
major mechanism for the AIE phenomenon.® From the view-
point of materials, AlE-active materials open up a new materi-
als ‘magic box’' for versatile and sensitive stimuli-responsive
systems, whereas from the viewpoint of the mechanism, RIR
can serve as a simple and effective design principle.

However, to date, the sensitivity and tunability of the stimuli
response of AlE-active smart materials has rarely been investi-
gated. To molecularly manipulate the stimuli response of AIE
materials, we should go deeper into the RIR mechanism. Such
factors as the number of rotors, freedom of rotors, molecular
size, electronic conjugation, conformational crowdedness, and
so forth should affect the intramolecular rotations of AlE-active
materials, and their effect on the RIR process thus needs to be
studied in detail through appropriate molecular engineering.
Although some smart molecular designs, including conform-
ational chemical locking"® <€ and steric restrictions,"®*¥ have
been conducted to directly regulate the AIE behavior and
verify the RIR mechanism, there is still a lack of a systematic
understanding of AlE-active materials with a tunable stimuli
response and molecular design principles.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Herein, we report on such a novel molecular design, wherein
a series of molecules with different numbers of tetraphenyl-
ethene (TPE), which is an archetypical AlE-active molecule, are
chemically linked together to form AIE rotors. Upon increasing
the number of rotors and enlarging the molecular size,
TPEDMA-2 exhibits much higher sensitivity response to either
viscosity or temperature than that of TPEDMA-1. Upon adding
one more TPE moiety (TPEDMA-3), the sensitivity is only slight-
ly improved. The chromophore with currently the highest
viscosity sensitivity was developed with the guidance of this

molecular design principle.
TPEDMA-1 TPEDMA-2
o
Cl/gH

Results and Discussion
Molecular design and synthesis

Chart ST in the Supporting Information shows the synthetic
routes to TPEDMA-1, TPEDMA-2, and TPEDMA-3. These com-
pounds were prepared through protonation of their precur-
sors, p-TPEDMA-1, p-TPEDMA-2, and p-TPEDMA-3, respectively,
wherein the ammonium salt was designed to provide good
solubility in polar solvents such as methanol, glycol, glycerol,
or water; this allowed fluorescence-based viscosity measure-
ments to be performed in these solvent mixtures with readily
tunable viscosity. Compound p-TPEDMA-1 is obtained by the
simple and efficient McMurry reaction of bis[4-(dimethyl-
amino)phenyllmethanone  (1).  Cross-McMurry  coupling
between compound 1 and 4-bromobenzophenone (2) offers
a TPE derivative (3) as the intermediate for TPE boronic acid
(4). Compounds 3 and 4 then undergo Suzuki coupling to give
p-TPEDMA-2. Compound p-TPEDMA-3 is obtained by similar
synthetic procedures to those previously described. All
compounds were characterized by standard spectroscopic
techniques, including 'H and "CNMR spectroscopy and
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HRMS, from which satisfactory analytical data corresponding to
the expected chemical structures were obtained (see the
Experimental Section and ChartS1 in the Supporting
Information).

Aggregation-induced emission (AIE)

UV absorption and normalized photoluminescence (PL) spectra
of the precursors in THF and the three target molecules in
methanol are shown in Figure ST and Table S1 in the Support-
ing Information. Clearly, the protonated compounds possess
poorer conjugation than their precursors because the sites of
the lone-pair electrons on the dimethylamino (DMA) group are
occupied by the protons and have no significant contribution
to the molecular conjugation, as revealed by their much bluer
absorption and emission. Generally, as the core structure is
gradually enlarged, the molar absorptivity gets higher; mean-
while, the absorption and emission signals shift progressively
to longer wavelengths. However, the spectrum shift is not very
large, especially for TPEDMA molecules, presumably due to
their highly twisted conformations. Also, a high-energy
emission band is observed at 1a360-400 nm (Figure 2A, as
discussed below, and Figure S3a and S3b in the Supporting In-
formation), which is attributed to the partially photo-oxidized
byproduct of TPE-based luminogens."®’

TPE is an archetypical AIE molecule; thus materials
constructed from TPE building blocks generally exhibit AIE
features. Because TPEDMA molecules are amphiphilic, it is diffi-
cult to find appropriate solvent mixtures to demonstrate their
AIE features; thus their precursors are used instead. As shown
in Figure1 and Figure S2 in the Supporting Information,
p-TPEDMA-1, p-TPEDMA-2, and p-TPEDMA-3 are almost non-
emissive in THF due to active intramolecular rotation, which ef-
ficiently consumes the energy of the excited state through
nonradiative relaxation channels and quenches the emission.
Gradual addition of water, which is a poor solvent for lumino-
gens, induces dye molecule aggregate formation and restricts
intramolecular rotation. This blocks the nonradiative relaxation
channels, and hence, activates the light-emission process.
Clearly, all luminogens are AlE-active, and the extent of emis-
sion enhancement of p-TPEDMA-1, p-TPEDMA-2, and p-
TPEDMA-3 is calculated to be 113, 129, and 173, respectively.
The increased number of phenyl ring rotors not can only pro-
vide more nonradiative channels to consume the excited-state
energy, but also improves the quantum efficiency in the aggre-
gated state, at which the RIR process becomes activated and
leads to more dramatic fluorescence enhancement.

Viscosity sensitivity

The viscosity response of TPEDMA molecules was first investi-
gated. Steady-state PL spectra of TPEDMA-1, TPEDMA-2, and
TPEDMA-3 in mixtures of glycol/glycerol with glycerol volume
fractions of 0, 20, 40, 60, and 80 %, respectively, were measured
and are shown in Figure 2A and Figure S3 in the Supporting
Information. As predicted, the fluorescence intensity of the dye
molecules is gradually enhanced with increasing solvent

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. A) PL spectra and B) plots of PL intensity ratio (//l,) versus water
fraction of p-TPEDMA-3 in mixtures of THF/water with different water frac-
tions. ly=emission intensity in THF, dye concentration =10 um, excitation
wavelength =388 nm.

viscosity without causing a shift in the emission wavelength.
According to the AIE mechanism, it is easy to understand that,
in more viscous medium, the free volume decreases and the
friction between solvent and dye molecules increases. This
restricts the intramolecular rotation of the AIE molecules and
blocks nonradiative decay; thus enhancing the fluorescence
intensity correspondingly.

The curves of log! versus logny for TPEDMA-1, TPEDMA-2,
and TPEDMA-3 are depicted in Figure 2B. All curves can be
linearly fitted very well, which indicates that AIE dyes are
promising candidates as fluorescent probes to determine bulk
solution viscosity. Notably, the corresponding viscosity factors
(x) were determined to be 0.46, 0.93, and 0.98, respectively;
TPEDMA-2 and TPEDMA-3 were more viscosensitive than mo-
lecular rotors (0.4-0.6) and TPA-based rotors (0.57-0.88) report-
ed previously.*” The value exhibited by TPEDMA-3 (0.98) is
the highest viscosity factor, x, reported so far, which is extraor-
dinary. Meanwhile, the viscosity sensitivity of the dye mole-
cules is in the order of TPEDMA-3 >TPEDMA-2 >TPEDMA-1,
which illustrates that the addition of more peripheral rotatable
phenyl rings results in more sensitive viscosity responses. More
nonradiative decay channels are available by increasing the
number of rotatable phenyl rings. When they are blocked in
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Figure 2. A) PL spectra of TPEDMA-3 in mixtures of glycol/glycerol with glyc-
erol fractions of 0, 20, 40, 60, and 80 %. B) Plots of log (I/l,) versus log#n of
TPEDMA-1, TPEDMA-2, and TPEDMA-3; |, is the intensity of the solution in
glycol, dye concentration =2 um, excitation wavelengths: 310 (TPEDMA-1)
and 340 nm (TPEDMA-2 and TPEDMA-3).

more viscous medium, more excitons can be populated and
undergo radiative decay, and hence, improve the viscosity sen-
sitivity. As described above, the RIR mechanism is the cause of
the AIE phenomenon, and rotatable phenyl rings in the AIE
molecules can be considered as the ‘executors’ of the RIR
mechanism. As viscosity probes, the rotatable phenyl rings in
the AIE molecules can also be imagined as the ‘inductors’ of
viscosity. Another possibility is that the better conjugation and
higher quantum efficiency of TPEDMA-2 and TPEDMA-3 can
somehow provide each rotor more room for fluorescence
enhancement. Moreover, the enlarged molecular sizes also
increase their capability to sense viscosity changes in the sur-
rounding microenvironment owing to greater accessible con-
tact surface areas at the molecular level. The synergy between
the increased number of rotors, enhanced quantum efficiency,
and enlarged molecular size in TPEDMA-2 and TPEDMA-3 has
made their light emission highly sensitive to viscosity changes
in the environment and such results provide a promising
strategy to design highly viscosensitive AIE dyes.

Figure 3 and Figure S4 in the Supporting Information show
the time-resolved fluorescence decay spectra of TPEDMA-T,

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) Time-resolved fluorescence decay curves of TPEDMA-3 in mix-
tures of glycol/glycerol with different glycerol volume fractions. B) Plots of
log 7; versus log#n of TPEDMA molecules. Dye concentration: 2 um, excitation
wavelengths: 310 (TPEDMA-1) and 340 nm (TPEDMA-2 and TPRDMA-3).

TPEDMA-2, and TPEDMA-3 in mixtures of glycol/glycerol with
different glycerol volume fractions. Generally, the decay curves
point upwards upon increasing the viscosity of the medium,
which indicates that the fluorescence lifetime becomes pro-
longed under such conditions. To gain a further insight into
the decay dynamics, the decay parameters obtained by fitting
the spectra though a double-exponential function are summar-
ized in Table S2 in the Supporting Information. The excited
TPEDMA molecules decay through a fast channel and a
negligible slow channel with lifetimes of about 1 and 7-10 ns,
respectively. Viscosity can affects the fast decay channel
under the employed experimental conditions, and the extent
of lifetime enhancement is not as dramatic as that caused by
aggregate formation, which can greatly populate the slow
decay channels."

As shown in Figure 3B, all curves exhibit a good linear rela-
tionship with calculated viscosity factors of 0.04, 0.19, and 0.20,
respectively. Similar to the x values derived from fluorescent
intensity, the y values also become larger upon increasing the
number of rotatable phenyl rings and the molecular size.
Meanwhile, all calculated y values are much smaller than the
x values, which shows that the fluorescence lifetime is less vis-
cosensitive than the fluorescence intensity for the AIE sensors.
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However, lifetime measurements are more reliable, especially
in the presence of various environmental interference factors.”
Therefore, there is a balance between sensitivity and reliability
when choosing fluorescence methods for viscosity measure-
ments.

Temperature response

It is generally accepted that elevated temperature can quench
emission due to thermally activated intramolecular rotations
and vibrations.” In particular, in solution, in which AlE-active
dye molecules are molecularly dissolved, intramolecular rota-
tions can be greatly facilitated upon heating owing to their
flexible conformation. In our previous work, temperature ef-
fects were determined to confirm the RIR mechanism for the
AIE phenomenon,'®@ and, herein, the relationship between
molecular structures and the temperature response of the AIE
molecules was tested according to the above rational design
to provide a more detailed understanding of the RIR process.

As shown in Figure 4A and Figure S5 in the Supporting In-
formation, upon gradually increasing the temperature of aque-
ous solutions of TPEDMA molecules, the PL intensity decreases
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Figure 4. A) PL spectra of TPEDMA-3 in aqueous solution at different
temperatures, and B) linear fitting of In (//l,) versus 1/T curves of TPEDMA
molecules; I, is the intensity of TPEDMA molecules in aqueous solution at
30°C, dye concentration =10 um, excitation wavelengths: 310 (TPEDMA-1)
and 340 nm (TPEDMA-2 and TPEDMA-3).
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correspondingly, as predicted. Plots of In(//l,) versus 1/T show
very good linear relationships (R*>0.999), which are indicative
of the first-order relationship between /I/l, and 1/T, which
is the general trend for the effect of temperature on
fluorescence &

A comparative investigation on the temperature response of
TPEDMA molecules suggests that TPEDMA-2 and TPEDMA-3,
with more rotatable phenyl rings, exhibit more dramatic tem-
perature-quenching effects than that of TPEDMA-1, as shown
in Figure 4B. This can be attributed to more channels for
nonradiative decay being provided by the larger number of
phenyl ring rotors; thus enhancing the temperature sensitivity.

Effective rotors

Either from the viscosity response or temperature effect, we
realize that TPEDMA-2 and TPEDMA-3 show much higher sensi-
tivity than that of TPEDMA-1. However, the first two both pos-
sess very similar viscosity and temperature responses, although
TPEDMA-3 has one more TPE moiety. One may conjecture that,
upon increasing the number of rotatable phenyl rings, more
intensive intramolecular rotations are accessible to facilitate
nonradiative decay; thus improving the viscosity and tempera-
ture sensitivity, which are directly related to the RIR
mechanism. However, when considering modes that promote
nonradiative decay, it is worth bearing in mind that, for
a mode to promote internal conversion, it must directly couple
to the m-conjugated systems.””!

To interpret such ambiguity, theoretical calculations were
conducted. The frontier molecular orbitals (MOs) for TPEDMA
molecules calculated with DFT at the B3LYP/6-31G(d, p) level
by using the Gaussian 09 program are shown in Figure 5. All
phenyl rings of TPEDMA-1 and TPEDMA-2 contribute to the
HOMO and LUMO, whereas in TPEDMA-3 some peripheral
phenyl rings play little role in the conjugation of the molecule

HOMO LUMO

*g A *9
‘g9 a9’ ‘s

<37
&9’

3’;3’41
9,

Figure 5. Frontier MOs for TPEDMA molecules calculated with DFT at the
B3LYP/6-31G(d, p) level by using the Gaussian 09 program.
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due to the highly twisted conformation. Therefore, the number
of effective rotatable phenyl rings in TPEDMA-3 is similar to
that in TPEDMA-2, although it is clearly much higher than that
of TPEDMA-1. This means that, although one more TPE moiety
is added to TPEDMA-3, the actual number of rotatable phenyl
rings which can effectively promote nonradiative decay only
slightly increase, resulting in limited enhancement of the sensi-
tivity response to either viscosity or temperature. Thus, when
applying the strategy proposed above to the design of highly
sensitive stimuli-responsive probes based on AIE molecules,
careful consideration of the effectiveness of the rotors on
nonradiative decay of the excited state should be taken.

Meanwhile, the extended m-conjugation framework can
significantly increase the excited-state rotation barriers;"™ thus
reducing the flexibility of the phenyl ring rotors and the
sensitivity of the stimuli response, especially in the two-
arm-shaped TPEDMA-3. To some extent, this results in only
slightly improved sensitivity, even though one more TPE unit
is added.

Conclusion

As sensitive and versatile smart materials, AIE luminogens have
attracted much interest from mechanistic investigations into
materials design. Herein, through rational molecular design,
the viscosity and temperature response of AIE rotors can be
significantly enhanced with increasing numbers of phenyl ring
rotors. For example, AIE rotor TPEDMA-3 exhibits the highest
viscosity sensitivity recorded to date, with a viscosity factor of
up to 0.98. However, further expansion in the molecular size
only results in a limited increase in effective rotors, which is ac-
companied with increased rotation barriers; thus enhancing
the sensitivity only slightly. This molecular design strategy not
only offers a feasible route to readily tune the stimuli response
of AIE rotors, but also provides a more detailed in-depth
understanding of the RIR mechanism.

Experimental Section
General

The synthetic route for TPEDMA molecules is shown in Chart S1 in
the Supporting Information. THF (Labscan) was distilled under an
atmosphere of dry nitrogen from sodium benzophenone ketyl im-
mediately prior to use. DMF (Labscan) was stirred with calcium hy-
dride overnight, distilled under reduced pressure, and kept under
dry nitrogen. Compounds 1, 2, and 5; zinc powder; titanium(lV)
chloride; tetrakis(triphenylphosphine)palladium(0); cesium carbon-
ate; and other chemicals were purchased from Aldrich and used as
received without further purification. 'H and *C NMR spectra were
measured on a Bruker ARX 400 NMR spectrometer by using CDCl,
or [Dg]DMSO as deuterated solvents and tetramethylsilane (TMS) as
an internal reference. MALDI-TOF spectra were recorded on a GCT
Premier CAB048 mass spectrometer operating in chemical ioniza-
tion (Cl) mode with methane as the carrier gas. UV absorption
spectra were recorded on a Milton Ray Spectronic 3000 array spec-
trophotometer. PL spectra were recorded on a PerkinElmer LS 55
spectrofluorometer. Fluorescence decay curves were recorded on
an Edinburgh Instruments FLS920 spectrometer combined with
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steady-state and time-resolved fluorescence spectrometers. Decay
of the PL intensity (/) with time () was fitted by a double-
exponential function [Eq. (1)] and the weighted mean lifetime, T,
was calculated according to Equation 2,

I=Ae " + At (1)
(1) = (AT + AyTa) /(A + A) (2)
Synthesis

Preparation of p-TPEDMA-1: Zinc dust (1.17 g, 18 mmol) and
1 (242 g, 9 mmol) were placed into a 150 mL two-necked round-
bottomed flask fitted with a reflux condenser. The flask was evacu-
ated under vacuum and purged with dry nitrogen three times. THF
(80 mL) was then added. The mixture was cooled to —78°C and
TiCl, (1 mL, 9 mmol) was slowly added. The mixture was slowly
warmed to room temperature, stirred for 0.5h, and pyridine
(0.4 mL, 3.7 mmol) was then injected. After the mixture was heated
at reflux overnight, the reaction was quenched with a 10% aque-
ous solution of K,CO;. A large amount of water was added to the
solution until the solid turned gray. The mixture was extracted
with dichloromethane three times and the organic layers were
combined and washed with brine twice. After evaporation of the
solvent under reduced pressure, the crude product was purified by
column chromatography on silica gel by using a mixture of ethyl
acetate/hexane (1:10, v/v) as the eluent. A yellow solid was ob-
tained in 85% yield. '"H NMR (400 MHz, [D¢{]DMSO): 6=6.74 (d, J=
8.8 Hz, 8H), 6.43 (d, J=9.2 Hz, 8H), 2.82 ppm (s, 24H); *C NMR
(100 MHz, [DgIDMSO): 6=147.8, 132.7, 131.6, 1285, 111.2,
30.2 ppm; HRMS (MALDI-TOF): m/z calcd for C;,H,N,: 504.3253
[M*]; found: 504.3248; elemental analysis calcd (%) for C3,H,oN,: C
80.91, H 7.99, N 11.10; found: C 81.05, H 8.04, N 10.91.

Preparation of compound 3: Zinc dust (4.80 g, 74.51 mmol) was
placed into a 250 mL two-necked round-bottomed flask equipped
with a reflux condenser. The flask was evacuated under vacuum
and purged with dry nitrogen three times. Dry THF (100 mL) was
then added. The mixture was cooled to —78°C and TiCl, (4.2 mL
38.74 mmol) was slowly added. The mixture was slowly warmed to
room temperature, stirred for 0.5 h, and heated at reflux for 2 h.
Later, pyridine (1.6 mL, 19.37 mmol) was injected. After stirring for
10 min, a solution of 1 (4.00g, 1490 mmol) and 2 (5.06g,
19.38 mmol) in dry THF (40 mL) was injected. Then, the mixture
was heated at reflux overnight. The reaction was quenched with
a 10% aqueous solution of K,CO; and a large amount of water was
added to the solution until the solid turned gray. The mixture was
extracted with dichloromethane three times and the organic layers
were combined and washed with brine twice. After evaporation of
the solvent under reduced pressure, the crude product was puri-
fied by column chromatography on silica gel by using a mixture of
ethyl acetate/hexane (1:10 v/v) as the eluent. A yellow solid was
obtained in 56% yield. '"H NMR (TMS, 400 MHz, CDCl,): 6=7.20 (d,
J=8.4Hz, 2H), 7.12 (m, 3H), 7.05 (m, 2H), 6.90 (m, 6H), 6.48 (m,
4H), 2.89 ppm (d, J=10.8 Hz, 12H); *C NMR (100 MHz, CDCl,): 6 =
148.9, 144.8, 144.3, 141.9, 133.2, 132.52, 132.48, 131.5, 130.7, 127.7,
127.5, 125.7, 119.3, 111.4, 40.4 ppm; HRMS (MALDI-TOF): m/z calcd
for CsoH,oBrN,: 496.1514 [M*]; found: 496.2000.

Preparation of compound 4: Compound V3 (3 g, 6 mmol) was
placed into a 150 mL two-necked round-bottomed flask. The flask
was evacuated under vacuum and purged with dry nitrogen three
times. Dry THF (80 mL) was then added. The mixture was cooled to
—78°C and 2.5m nBuli in hexane (3.1 mL 7.84 mmol) was slowly
added. After stirring for 1h, triisopropylborate (4.2 mL,

Chem. Eur. J. 2014, 20, 1-9 www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper

18.09 mmol) was added in one portion. The mixture was slowly
warmed to room temperature and stirred overnight. The reaction
was treated with a saturated aqueous solution of ammonium chlo-
ride and stirred for 2 h. The mixture was extracted with ethyl ace-
tate three times and the organic layers were combined and
washed with brine twice. After evaporation of the solvent under
reduced pressure, the crude product was purified by column chro-
matography on silica gel by using a mixture of ethyl acetate/
hexane (1:2, v/v) as the eluent. A yellowish green solid was ob-
tained in 75% yield. "H NMR (TMS, 400 MHz, CDCl,): 0=7.45 (d, J=
7.6 Hz, 2H), 7.09-6.98 (m, 7H), 6.90-6.79 (m, 4H), 6.46 (brs, 4H),
2.88 ppm (s, 12H); *C NMR spectrum was not obtained due to the
poor solubility of the molecule; HRMS (MALDI-TOF): m/z calcd for
CsoHs:BN,0,: 462.2479 [M*]; found: 462.4562.

Preparation of p-TPEDMA-2: Compound 3 (100 mg, 0.2 mmol), 4
(111 mg, 0.24 mmol), [Pd(PPh,),] (12 mg, 0.01 mmol), and Cs,CO,
(195 mg, 0.6 mmol) were placed into a 50 mL two-necked round-
bottomed flask equipped with a reflux condenser. The flask was
evacuated under vacuum and purged with dry nitrogen three
times. DMF (20 mL) was then added. After the mixture was heated
at reflux for 24 h, the reaction was quenched with a saturated solu-
tion of NH,Cl, and extracted with dichloromethane three times.
The organic layers were combined and washed with brine twice.
After evaporation of the solvent under reduced pressure, the crude
product was purified by column chromatography on silica gel by
using a mixture of ethyl acetate/hexane (1:8 v/v) as the eluent. A
yellow solid was obtained in 80% yield. '"H NMR (TMS, 400 MHz,
CDCly): 6=7.32 (d, J=8.4Hz, 4H), 7.09-7.03 (m, 14H), 6.95-6.89
(m, 8H), 6.50 (brs, 8H), 2.90 ppm (s, 24H); 3C NMR (TMS, 100 MHz,
CDCly): 6=149.0, 143.6, 140.3, 136.9, 136.5, 132.0, 131.2, 131.0,
128.1, 127.0, 125.1, 111.4, 40.1 ppm; HRMS (MALDI-TOF): m/z calcd
for CgoHsgN,: 834.4661 [M*]; found: 834.4683; elemental analysis
caled for CgHsgN,: C 86.29, H 7.00, N 6.71; found: C 86.39, H 7.11,
N 6.50.

Preparation of compound 6: Compound 6 was synthesized ac-
cording to procedures similar to those used to prepare 3 with
1 and 5 as the starting materials. A yellow powder was obtained in
60% yield. '"H NMR (TMS, 400 MHz, CDCl;): §=7.22 (d, /=84 Hz,
4H), 6.90-6.86 (m, 8H), 6.46 (d, J/=8.8 Hz, 4H), 2.92 ppm (s, 12H);
BCNMR (TMS, 100 MHz, CDCly): 6=149.0, 143.8, 142.7, 134.,
133.2, 132.5, 130.8, 127.5, 119.5, 111.3, 40.3 ppm; HRMS (MALDI-
TOF): m/z calcd for C3H,4BroN,: 576.3647 [M*]; found: 576.0598.

Preparation of p-TPEDMA-3: The synthetic procedure was similar
to that used for p-TPEDMA-2. A yellowish green solid was obtained
in 54% yield. "H NMR (TMS, 400 MHz, CDCl,): 6 =7.34 (d, J=8.0 Hz,
8H), 7.13-7.05 (m, 18H), 6.95-6.89 (m, 12H), 6.50 (brs, 12H),
290 ppm (s, 36H); *CNMR (TMS, 100 MHz, CDCly): 6=148.9,
145.2, 144.7, 141.2, 133.3, 132.8, 132.6, 131.92, 131.85, 131.6, 129.2,
127.6, 125.7, 120.5, 113.2, 112.4, 41.3 ppm; HRMS (MALDI-TOF): m/z
calcd forCyeHggNg: 1250.6914 [M*1; found: 1251.6964; elemental
analysis calcd for CoHggNg: C 86.36, H 6.93, N 6.71; found: C 86.41,
H 6.95, N 6.64.

Preparation of aggregates

Stock solutions of p-TPEDMA-1, p-TPEDMA-2, or p-TPEDMA-3 in
THF at a concentration of 0.1 mm were prepared. Aliquots (1 mL)
of these stock solutions were transferred to 10 mL volumetric
flasks. After adding an appropriate amount of THF, water was
added dropwise under vigorous stirring to give 10 mm mixtures of
THF/water with specific water fractions. The water content was
varied in the range of 0-95 vol%. Absorption and emission spectra
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of the resulting solutions and aggregates were measured
immediately after sample preparation.

Viscosity measurements

The fluorescence-based viscosity measurements were carried out
in glycol/glycerol mixtures with glycerol fractions of 0, 20, 40, 60,
and 80%. The dye concentration was 2 um and was four times
lower than the typical value (10 pm) for normal PL measurements
to ensure that no aggregates formed during measurements. The
viscosity of the solvent mixture was also determined by means of
a capillary rheometer (Geoffert 2003) for the purposes of compari-
son. The temperature was kept at 20°C unless specifically stated
otherwise. To prepare the samples, the solvent mixtures (3 mL)
with different glycerol volume fractions were thoroughly shaken
for 10 min, stock solutions (2 uL, 107> molL™") of TPEDMA mole-
cules (prepared with 2 mmol of p-TPEDMA molecules in 3 mL of
THF with one drop of 37% HCI) were then added followed by fur-
ther vigorous shaking. So far, various fluorescence-based methods
have been used for viscosity measurements, including intensity,
ratiometry, lifetime, anisotropy, and fluorescence recovery after
photobleaching (FRAP).2" Herein, to simplify the investigation on
the structure-property relationship, viscosity measurements were
carried out based on the change in the PL intensity first. Theoreti-
cally, a strict mathematical relationship between viscosity, 1, and
quantum yield, @, existed;? this is known as the Férster-Hoffmann
equation [Eq. (3)I:

log® = C+xlogn (3)

in which C is a temperature-dependent constant and x is a dye-
dependent constant that is indicative of the viscosity sensitivity of
fluorescence viscosity probes. This relationship was derived analyti-
cally and verified experimentally. When we fixed all experimental
parameters, including low concentrations (which contributed negli-
gible inner-filter effects), constant temperature, constant absorp-
tion, and negligible background light that may affect the intensity
in the bulk solution samples under steady-state conditions, the
viscosity factor x could be readily derived from Equation (4):

x =log (/1,)/log (m:/1,) (4)
in which | is the fluorescence intensity”” According to
Equation (4), the viscosity factor, x, can be obtained as the slope of
the linear fitting of the curve of log ! versus log 7.

Viscosity measurements based on fluorescence intensity were
simple and cheap, but strongly influenced by the dye concentra-
tion, fluid optical properties, and other experimental or instrumen-
tal factors, especially in complicated in vivo environments. On the
contrary, fluorescence lifetime was independent of these factors,
which offered an easy calibration process as well as ultrasensitive
detection. The quantitative relationship between the fluorescence
lifetime (7)) and viscosity () of the solvent is depicted by the
Forster-Hoffmann equation [Eq. (5)]:

logt; = C+ylogy (5)

in which C is a concentration- and temperature-dependent con-
stant and y is a dye- and temperature-dependent constant, and
reflects the viscosity sensitivity of the probes.”? It could be readily
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derived as the slope from the linear fitting of curves of logz;
versus log .

Temperature effect

To prepare samples for the temperature-effect study, stock solu-
tions (10 pL, 102> molL™") of TPEDMA molecules (simply prepared
from 2 mmol of p-TPEDMA molecules in 3 mL of THF with one
drop of 37% HCI) were added to deionized water (3 mL) followed
by vigorous shaking. The sample temperature was controlled by
means of a circulating water bath, and the exact temperature of
the samples was recorded in situ by using a digital thermometer.
Generally speaking, fluorescence can be gradually quenched by
increasing the temperature, and the fluorescence intensity and
temperature follow the modified van 't Hoff equation [Eq. (6)]:"

1/1, = Ae®/ (6)
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I Structure-Activity Relationships

J. Li, Y. Zhang, J. Mei, J. W. Y. Lam, J. Hao,
B. Z. Tang*

! | |
TPEDMA-1 TPEDMA-2 TPEDMA-3

Non-radiactive decay | Aggregation-Induced Emission Rotors:

Rotatable phenyl rings | :{Ccmjugaﬁoq T} —— Viscosity/temperature sensitivity of AIE dyes | Rational Design and Tunable Stimuli
Molecular size 4
Response
On demand: A new molecular design phenyl rings enhances the sensitivity of
strategy to rationally tune the stimuli the response of AIE rotors to viscosity
response of luminescent materials with and temperature until higher rotational
aggregation-induced emission (AIE) barriers prevent further enhancement
characteristics has been developed. (see scheme).
Increasing the number of rotatable
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