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Temperature is one of the most frequently measured variables
as it is a principal thermodynamic property.) Many types of
thermometers, which utilize various kinds of temperature-
dependant physical properties, such as volume, electric
potential, and electric conductance, have been developed
for quantitative temperature measurement.”! Precise temper-
ature measurements in various environments require higher
thermometer performance. For instance, in situ large-area or
gradient temperature measurements with high spatial reso-
lution, which are often required in marine research, under-
ground geochemistry, wind tunnels, and automobile and
aircraft industries, present a serious challenge to traditional
thermometers.’l A sensor with size from tens of micrometers
to several millimeters is required for temperature detection in
most thermometers, such as liquid-in-glass thermometers,
thermocouples, and thermistors. An array of these sensors is
used to achieve this goal, but has disadvantages because of
complications, high cost, and low spatial resolution.

The intrinsic limitation of mechanical or electrical ther-
mometers encourages the development of optical thermom-
eters that operate for large-area or fluidic samples.! Among
the available optical methods, infrared thermometers that use
the principle of blackbody radiation are flexible and easy to
use, but can only measure the temperature of surfaces, thus
limiting their applications.”] Luminescence-based temper-
ature sensors have received more attention because of their
fast response, high spatial resolution, and safety of remote
handling.”! To date, several luminescent materials based on
phosphors, dyes, or metal-ligand complexes have been
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reported for temperature detection,**” which operates by
using the temperature-dependant luminescence intensity and/
or decay time of these compounds.®! As measuring the
luminescence decay requires a relatively long time, the
intensity-based approach using a fast camera is more appli-
cable for large-area or gradient temperature measurements.”)
However, the luminescence intensity is also affected by the
quantity of the luminophore, excitation power, and the
sample morphology. These drawbacks reduce the accuracy
and thus restrict the general utility of these techniques.'” To
improve the performance of the luminescent thermometer,
some systems based on the intensity ratio of two emissive
compounds were developed."!! In these cases, the differ-
ences of physicochemical features between two compounds
might require extra calibration before data collection.l”
Meanwhile, as a consequence of increased thermal activation
of radiationless processes with increasing temperature, a
significant decrease of the luminescence quantum yield is an
inevitable problem, except for some materials.®™ Therefore, it
is important to develop novel single-luminophore thermom-
eters with high and stable luminescence quantum yield over a
wide temperature range. Additionally, when aiming to
facilitate fast and direct observation for temperature distri-
bution, significant thermosensitive hue transformation is also
required for these thermometers.!'’)

In general, the luminescence quantum yield of organic
compounds decreases with increasing temperature. Some
compounds, such as twisted intramolecular charge transfer
(TICT) compounds, exhibit a total luminescence intensity
maintenance or even an enhancement from lower temper-
ature to room temperature.'¥ This process is concomitant
with a luminescence colorimetric change that results from the
shift of the thermal equilibrium between local excited state
emission (LE) and the TICT excited state emission.!””
However, it is difficult to apply the reported TICT com-
pounds in thermometers. Almost all TICT compounds have
only moderate luminescent quantum yields and the lumines-
cence decreases to very low levels at higher temperatures."!
Recently, several arylboron compounds were found to have
high luminescence quantum yields, even above room temper-
ature.!"”! Following our interest in the design of novel highly
luminescent systems,'®! we designed a thermosensitive mol-
ecule that combined the advantages of TICT compounds with
two reverse luminescence intensity changes, and arylboron
compounds with high luminescence. This molecule can be
used as a sensitive luminescent colorimetric thermometer for
in situ large-area or gradient temperature measurements over
a wide temperature range and with high spatial resolution.
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A luminescent pyrene-containing triarylboron molecule,
dipyren-1-yl(2,4,6-triisopropylphenyl)borane (DPTB;
Scheme 1) has been designed and synthesized based on the
following considerations: 1) an electron-deficient boron atom
with an empty p orbital is well known as a highly effective
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Scheme 1. Mechanism of emission changes with temperature.
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electron acceptor, and the pyrene (Py) group is known as an
electron donor, so an intramolecular charge-transfer excited
state should be present;'”! 2) the contribution of these two Py
groups to the luminescent excited state is possibly not
equivalent because of the large steric hindrance in the
compact Py-B-Py structure; 3) any substituents that may
enhance radiationless decay are avoided and the rigid Py
group is chosen for facilitating the high luminescence
quantum yield;® 4) the sterically bulky substituent 2,4,6-
triisopropylphenyl (tipp) group has been proved to be an
effective stabilizer for the boron compound (details of the
synthesis are provided in the Supporting Information).?!!
DPTB shows temperature-dependant green to blue
luminescence with a very high quantum yield (Table 1) over
a wide temperature range (—50 to +100°C). This intense
thermosensitive emission over a wide range conquers the

Table 1: Quantum yields @ of DPTB in MOE at different temperatures.
TPCQQ -50 =30 -—-10 10 30 50 70 90 100

D 0.64 068 0.73 0.78 080 0.83 0.81 0.74 0.67

limitation that high temperatures induce a low signal/noise
ratio, thus suggesting that DPTB is an excellent candidate for
a reliable and absolute luminescent temperature sensor.
Figure 1 shows the absorption and corrected emission
spectra of DPTB in 2-methoxyethyl ether (MOE) at various
temperatures. MOE, which is a chemically stable liquid with a
relatively low melting point and high boiling point, was
chosen as the medium for DPTB in order to extend the testing
temperature range. An absorption band that extends from
350 nm to 460 nm, with a peak around 420 nm, is observed at
room temperature. The absorption band is not temperature-
sensitive and only shows very few changes over the whole
temperature range. In contrast, the emission profile of the
compound shows completely different features. At room
temperature, DPTB exhibits an abnormally wide lumines-
cence band that is identified as dual luminescence by its decay
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Figure 1. a) Absorption and b) corrected emission spectra of DPTB
recorded between —50 and 100°C (excitation wavelength 410 nm).

lifetime measurements (see the Supporting Information). The
components with shorter- and longer-wavelength lumines-
cence bands are assigned to the emissions from the LE and
TICT states of DPTB, respectively (see the Supporting
Information). Similar to the case of other dual-luminescent
TICT compounds,'™'¥! the temperature strongly influenced
the dynamic equilibrium between the LE and TICT excited
states of DPTB. The luminescence color was determined by
the population of the two distinct excited-state conforma-
tions. The lower-energy TICT excited state is preferentially
occupied with decreasing temperature, and, as expected a
bathochromic shift of the luminescence is observed. Upon
heating the system, the molecular motion that crosses the
thermal barrier between the two excited states increases the
population of the LE state,”” thus resulting in a hypsochromic
luminescence. A feasible luminescence sensing mechanism
for temperature detection is shown in Scheme 1.

Accuracy is another important factor for evaluating the
luminescent thermometer systems. As shown in Figure 1b,
the luminescence spectrum gradually shifts to higher energy
with increasing temperature. There is a good linear relation-
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ship between the maximum emission wavelength and temper-
ature (Figure 2a). This linear relationship can be fitted as a
function of 7=1673.3—-3.341,,,x with correlation coefficient
0.9988, where A, is the maximum emission wavelength (nm),

a)
520-

510+

500+
Alnm

4904

480

4704

60 40 20 0 20 40 60 80 100

b)

Figure 2. a) Temperature dependence of maximum emission wave-
length of DPTB. b) CIE chromaticity diagram showing the temperature
dependence of the (x,y) color coordinates of DPTB.

T is the temperature of the DPTB-MOE system (°C).
Calculations show that the corresponding wavelength shift
per degree centigrade is as large as 0.30 nm, which can be
readily measured by using a modern UV/Vis fluorescence
spectrometer, and is thus indicative of an accuracy better than
1°C.

Although the thermosensitive wavelength shift method is
sufficiently sensitive for practical temperature detection, the
broad emission band introduces some difficulties to accu-
rately identify the maximum. To facilitate the use of this
system, the temperature-dependant spectra are transformed
to the Commission Internationale de L’Eclairage (CIE) 1931
coordinates. Figure 2b shows the color change of the lumi-
nescence in the CIE (x,y) chromaticity diagram at different
temperatures. The system color shifts between green and blue,
which can be easily observed by the naked eye and captured
by a single CCD camera. In this case, the accuracy of this
approach is highly dependent on the CCD camera and the
software, and is calculated to be approximately 2 °C within the
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temperature range of —50 to +100°C according to the
resolution of current commercial colorimeters.

For further evaluation of the reversibility of the DPTB-
MOE system, 30 cycles of the temperature-dependent
emission were conducted between —50°C and 100°C with
cycling rates of 30°Cs™! heating and 10°Cs™! cooling. The
spectra at different temperatures are exactly same for each
cycle, even at 100°C (Figure S5a), and are thus indicative of
the excellent reversibility of this system. Furthermore, the
isothermal test of stirring and heating at 100°C for 3 h was
carried out to examine the stability of the degassed system.
The luminescence spectra at 100°C show perfect matching
before and after durable heating (Figure S5b). Additional
thermogravimetric analysis reveals that DPTB does not
dissociate upon heating to 300°C. In comparison with the
structure of other boron compounds,m] we can conclude that
the bulky substituent 2,4,6-triisopropylphenyl group separates
the central boron atom and surrounding molecules to prevent
the possible Lewis acidic/basic reaction, and contribute to
better stability of DPTB. The good reversibility and stability
make the DPTB-MOE system a good candidate for high-
performance thermometers.

To demonstrate the usefulness of the DPTB-MOE
system, we have applied it to the temperature gradient in a
fluid, as this situation is often encountered in industrial,
atmospheric, and marine research. A quartz tube filled with
DPTB-MOE solution was heated from the top and cooled
from the bottom (Figure 3a). A color-change pattern of the
temperature gradient is observed in the nonconvected vertical
fluid. The bottom is green and the top is blue, while the color
of the middle part continuously changes from green through

a)
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Figure 3. a) Photographs of fluorescence at different temperatures (°C)
and the gradient fluorescence of DPTB solution in a quartz tube
(central). b) The characters A and C were written at low temperature
with DPTB solution in a polyvinyl chloride (PVC)/polypropylene (PP)
sandwich structure.
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cyan to blue as the temperature of the fluid increases.
According to the direct color observation with the naked eye
or a camera, the environmental temperature can be readily
estimated or measured by comparison with the temperature-
dependent CIE chromaticity diagram. This visualization
technique provides a useful tool for the detection of temper-
ature distribution.

The applicability of this luminescent thermometer for
detecting the temperature distribution in a certain area, as is
often required in the automobile and aircraft industries, was
also examined. The DPTB-MOE solution was sealed in a
sandwich structure PVC—porous PP-PVC film (5 x 5 cm?, can
be enlarged to any size). The thickness of the film is 60 pm,
which is flexible and easy to adhere to the surface to map the
temperature distribution. As an example, Figure 3b shows the
characters A and C that were cooled from the bottom of the
film. The image of the characters is sharp and clear.
Considering the excited-state conformation changes in a
time range of pico- or nanoseconds, the edge roughness of
the pattern is only determined by the thermal diffusion
coefficient of the conductive media. In the DPTB-MOE
system, the thermal diffusion coefficient of MOE media is
about 1072 m’s™' K. The edge roughness of the DPTB-
MOE system is estimated to be 30-40 pm when the image
capture time is set to 10 ms, indicative of a high spatial
resolution. Therefore, the thin-film system containing DPTB—
MOE can be used as a thermometer for in situ large-area
temperature measurement.

In some cases, such as industrial painting applications,
fluorescent dyes need to be placed in a polymer rather than in
a sandwich structure. High viscosity and low polarity hinder
the formation of the TICT state. No notable fluorescence
color changes are observed when DPTB is placed in low-
polarity polymers such as poly(decyl methacrylate) (Fig-
ure S6). It has been found that DPTB shows an apparent
temperature-dependant wavelength shift in polyurethane
with a low glass transition temperature. Further experiments
are needed to clarify this phenomenon, and the results will be
reported elsewhere.

In summary, a novel luminescent thermometer has been
developed by using a triarylboron compound, which has a
high luminescence quantum yield over a wide temperature
range and exhibits temperature-dependant luminescence.
This thermometer can be applied over a temperature range
of —50 to +100°C with high stability and reversibility. By
using this thermometer, the luminescence spectra or the
luminescence color can be correlated to the temperature
values. The accuracy of former is better than 1°C, and the
latter can be observed directly by naked eye or camera, thus
facilitating in situ large-area or gradient temperature meas-
urements with the accuracy of 2°C. The liquid thermometer
can be fabricated in various forms and can thus be adapted for
use in different research areas.

Received: April 6, 2010
Published online: July 7, 2011

Keywords: fluorescence - photochemistry - thermochromism -
triarylboron compounds

Angew. Chem. Int. Ed. 2011, 50, 8072-8076

g

International Edition

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[1] P.R.N. Childs, J. R. Greenwood, C. A. Long, Rev. Sci. Instrum.
2000, 71, 2959.

[2] a) I. Suzuki, Rev. Sci. Instrum. 1983, 54, 868; b) V. Tret’yakov,

P. A. Ondzul, Bull. Exp. Biol. Med. 1961, 51, 245; c)l.

Seyedyagoobi, Rev. Sci. Instrum. 1991, 62, 249.

a) E. Hurtig, S. GroBwig, K. Kiihn, Tectonophysics 1996, 257,

101; b) S. GroBwig, E. Hurtig, K. Kiithn, Geophysics 1996, 61,

1065; c) C. Ferndndez-Valdivielso, E. Egozkue, 1. R. Matias,

F. G. Arregui, C. Baridin, Sens. Actuators B 2003, 91, 231; d) Y.

Zhao, Y. B. Liao, Sens. Actuators B 2002, 86, 63;¢) J. J. Lee, J. C.

Dutton, A. M. Jacobi, J. Mech. Sci. Technol. 2007, 21, 1253; f) K.

Kontis, Aeronautical J. 2007, 111, 495; g) O. S. Wolfbeis, Adv.

Mater. 2008, 20, 3759; h)J.N. Demas, B. A. DeGraff, P.B.

Coleman, Anal. Chem. 1999, 71, 793a.

[4] a) Y. H. Gao, Y. Bando, Nature 2002, 415, 599; b) J. Lee, A. O.
Govorov, N. A. Kotov, Angew. Chem. 2005, 117, 7605; Angew.
Chem. Int. Ed. 2005, 44,7439;c) J. Lee, N. A. Kotov, Nano Today
2007, 2, 48; d) P. Low, B. Kim, N. Takama, C. Bergaud, Small
2008, 4, 908; e) E. Saidi, B. Samson, L. Aigouy, S. Volz, P. Low, C.
Bergaud, M. Mortier, Nanotechnology 2009, 20, 115703; f) C.
Gota, K. Okabe, T. Funatsu, Y. Harada, S. Uchiyama, J. Am.
Chem. Soc. 2009, 131,2766; g) H. S. Peng, M. L. J. Stich, J. B. Yu,
L. N. Sun, L. H. Fischer, O. S. Wolfbeis, Adv. Mater. 2010, 22,
716; h) L. H. Fischer, M. L. J. Stich, O. S. Wolfbeis, N. Tian, E.
Holder, M. Schiferling, Chem. Eur. J. 2009, 15, 10857; i) Z. T.
Segele, P. J. Lamb, L. A. Leslie, Int. J. Climatol. 2009, 29, 1075;
j) N. Tian, Y. V. Aulin, D. Lenkeit, S. Pelz, O. V. Mikhnenko,
P. W. M. Blom, M. A. Loi, E. Holder, Dalton Trans. 2010, 39,
8613.

[5] E. E J. Ring, Infrared Phys. Technol. 2007, 49, 297.

[6] R. Schorer, E. Friess, K. Eberl, G. Abstreiter, Phys. Rev. B 1991,
44, 1772.

[7] a) K. T. V. Grattan, A. W. Palmer, Rev. Sci. Instrum. 1985, 56,

1784; b) J. Ervin, C. Murawski, C. Macarthur, M. Chyu, D.

Bizzak, Exp. Therm. Fluid Sci. 1995, 11, 387; c) D. J. Bizzak,

M. K. Chyu, Rev. Sci. Instrum. 1994, 65, 102; d) J. Gallery, M.

Gouterman, J. Callis, G. Khalil, B. McLachlan, J. Bell, Rev. Sci.

Instrum. 1994, 65, 712; e) N. Chandrasekharan, L. A. Kelly, J.

Am. Chem. Soc. 2001, 123, 9898; f) G. Liebsch, L. Klimant, O. S.

Wolfbeis, Adv. Mater. 1999, 11, 1296; g) A. Mills, C. Tommons,

R. T. Bailey, M. C. Tedford, P. J. Crilly, Analyst 2006, 131, 495;

h) A.S. Kocincova, S. M. Borisov, C. Krause, O.S. Wolfbeis,

Anal. Chem. 2007, 79, 8486; i) F. H. C. Wong, D. S. Banks, A.

Abu-Arish, C. Fradin, J. Am. Chem. Soc. 2007, 129, 10302;

j) C.D.S. Brites, P.P. Lima, N.J. O. Silva, A. Milldn, V.S.

Amaral, F. Palacio, L. D. Carlos, Adv. Mater. 2010, 22, 4499; k) N.

Tian, A. Thiessen, R. Schiewek, O.J. Schmitz, D. Hertel, K.

Meerholz, E. Holder, J. Org. Chem. 2009, 74,2718;1) N. Tian, D.

Lenkeit, S. Pelz, L. H. Fischer, D. Escudero, R. Schiewek, D.

Klink, O.J. Schmitz, L. Gonzélez, M. Schiferling, E. Holder,

Eur. J. Inorg. Chem. 2010, 4875.

a) S. Uchiyama, A. P. de Silva, K. Iwai, J. Chem. Educ. 2006, 83,

720; b) C. Baleizdo, S. Nagl, S. M. Borisov, M. Schiferling, O. S.

Wolfbeis, M. N. Berberan-Santos, Chem. Eur. J. 2007, 13, 3643;

c) C. Gosse, C. Bergaud, P. Low, Top. Appl. Phys. 2009, 118, 301.

[9] J. E. Martin, L. E. Shea-Rohwer, J. Lumin. 2006, 121, 573.

[10] a) S. M. Borisov, O. S. Wolfbeis, Anal. Chem. 2006, 78, 5094;
b) S. M. Borisov, I. Klimant, J. Fluoresc. 2008, 18, 581.

[11] a) D. Ross, L. E. Locascio, Anal. Chem. 2002, 74, 2556; b) J.
Coppeta, C. Rogers, Exp. Fluids 1998, 25, 1; c) J. Sakakibara,
R.J. Adrian, Exp. Fluids 1999, 26, 7; d) P. Kujawa, V. Aseyev, H.
Tenhu, F. M. Winnik, Macromolecules 2006, 39, 7686.

[12] T. Barilero, T. Le Saux, C. Gosse, L. Jullien, Anal. Chem. 2009,
81, 7988.

[13] A.L.Heyes, S. Seefeldt, J. P. Feist, Opt. Laser Technol. 2006, 38,
257.

3

—_—

8

—_

www.angewandte.org

ewandte

Chemie

8075


http://dx.doi.org/10.1063/1.1305516
http://dx.doi.org/10.1063/1.1305516
http://dx.doi.org/10.1063/1.1137477
http://dx.doi.org/10.1016/0040-1951(95)00124-7
http://dx.doi.org/10.1016/0040-1951(95)00124-7
http://dx.doi.org/10.1190/1.1444027
http://dx.doi.org/10.1190/1.1444027
http://dx.doi.org/10.1016/S0925-4005(02)00148-X
http://dx.doi.org/10.1007/BF03179042
http://dx.doi.org/10.1002/adma.200702276
http://dx.doi.org/10.1002/adma.200702276
http://dx.doi.org/10.1038/415599a
http://dx.doi.org/10.1002/ange.200501264
http://dx.doi.org/10.1002/anie.200501264
http://dx.doi.org/10.1002/anie.200501264
http://dx.doi.org/10.1016/S1748-0132(07)70019-1
http://dx.doi.org/10.1016/S1748-0132(07)70019-1
http://dx.doi.org/10.1002/smll.200700581
http://dx.doi.org/10.1002/smll.200700581
http://dx.doi.org/10.1021/ja807714j
http://dx.doi.org/10.1021/ja807714j
http://dx.doi.org/10.1002/adma.200901614
http://dx.doi.org/10.1002/adma.200901614
http://dx.doi.org/10.1002/chem.200901511
http://dx.doi.org/10.1002/joc.1751
http://dx.doi.org/10.1039/c0dt00728e
http://dx.doi.org/10.1039/c0dt00728e
http://dx.doi.org/10.1016/j.infrared.2006.06.029
http://dx.doi.org/10.1103/PhysRevB.44.1772
http://dx.doi.org/10.1103/PhysRevB.44.1772
http://dx.doi.org/10.1063/1.1138094
http://dx.doi.org/10.1063/1.1138094
http://dx.doi.org/10.1016/0894-1777(95)00061-5
http://dx.doi.org/10.1063/1.1144780
http://dx.doi.org/10.1063/1.1145090
http://dx.doi.org/10.1063/1.1145090
http://dx.doi.org/10.1021/ja016153j
http://dx.doi.org/10.1021/ja016153j
http://dx.doi.org/10.1002/(SICI)1521-4095(199910)11:15%3C1296::AID-ADMA1296%3E3.0.CO;2-B
http://dx.doi.org/10.1039/b516366h
http://dx.doi.org/10.1021/ac070514h
http://dx.doi.org/10.1021/ja0715905
http://dx.doi.org/10.1002/adma.201001780
http://dx.doi.org/10.1021/jo8025516
http://dx.doi.org/10.1002/ejic.201000610
http://dx.doi.org/10.1021/ed083p720
http://dx.doi.org/10.1021/ed083p720
http://dx.doi.org/10.1007/978-3-642-04258-4_10
http://dx.doi.org/10.1016/j.jlumin.2005.12.043
http://dx.doi.org/10.1021/ac060311d
http://dx.doi.org/10.1007/s10895-007-0302-1
http://dx.doi.org/10.1021/ac025528w
http://dx.doi.org/10.1007/s003480050202
http://dx.doi.org/10.1007/s003480050260
http://dx.doi.org/10.1021/ma061604b
http://dx.doi.org/10.1021/ac901027f
http://dx.doi.org/10.1021/ac901027f
http://dx.doi.org/10.1016/j.optlastec.2005.06.012
http://dx.doi.org/10.1016/j.optlastec.2005.06.012
http://www.angewandte.org

Communications

8076

[14] D. Braun, W. Rettig, Chem. Phys. 1994, 180, 231.

[15] V. V. Volchkov, B. M. Uzhinov, High Energy Chem. 2008, 42,
153.

[16] a) T. Karstens, K. Kobs, J. Phys. Chem. 1980, 84, 1871; b) J. S.
Yang, C. K. Lin, A. M. Lahoti, C. K. Tseng, Y. H. Liu, G. H. Lee,
S. M. Peng, J. Phys. Chem. A 2009, 113, 4868; c) W. Rettig, E. A.
Chandross, J. Am. Chem. Soc. 1985, 107, 5617.

[17] a) R.R. Hu, E. Lager, A. Aguilar-Aguilar, J. Z. Liu, J. W. Y.
Lam, H. H. Y. Sung, I. D. Williams, Y. C. Zhong, K. S. Wong, E.
Pena-Cabrera, B. Z. Tang, J. Phys. Chem. C 2009, 113, 15845;
b) A. Wakamiya, K. Mori, S. Yamaguchi, Angew. Chem. 2007,
119, 4351; Angew. Chem. Int. Ed. 2007, 46, 4273; c¢) C. H. Zhao,
A. Wakamiya, Y. Inukai, S. Yamaguchi, J. Am. Chem. Soc. 2006,
128, 15934; d) Z. M. Hudson, S.B. Zhao, R.Y. Wang, S.N.
Wang, Chem. Eur. J. 2009, 15, 6131.

[18] a) R. Hu, J. Feng, D. H. Hu, S. Q. Wang, S. Y. Li, Y. Li, G. Q.
Yang, Angew. Chem. 2010, 122, 5035; Angew. Chem. Int. Ed.
2010, 49, 4915; b) Y. Qian, S. Y. Li, G. Q. Zhang, Q. Wang, S. Q.
Wang, H.J. Xu, C.Z. Li, Y. Li, G. Q. Yang, J. Phys. Chem. B

2007, 111, 5861; ¢) G. Q. Zhang, G. Q. Yang, S. Q. Wang, Q. Q.
Chen, J. S. Ma, Chem. Eur. J. 2007, 13, 3630.

[19] a) S. B. Zhao, P. Wucher, Z. M. Hudson, T. M. McCormick, X. Y.
Liu, S. N. Wang, X. D. Feng, Z. H. Lu, Organometallics 2008, 27,
6446; b) W. Kaim, A. Schulz, Angew. Chem. 1984, 96, 611,
Angew. Chem. Int. Ed. Engl. 1984, 23, 615.

[20] P. Valat, V. Wintgens, J. Kossanyi, L. Biczok, A. Demeter, T.
Berces, J. Am. Chem. Soc. 1992, 114, 946.

[21] a) S. Yamaguchi, T. Shirasaka, S. Akiyama, K. Tamao, J. Am.
Chem. Soc. 2002, 124, 8816; b) A. Pelter, K. Smith, D. Buss, A.
Norbury, Tetrahedron Lett. 1991, 32, 6239.

[22] C. Cornelissen-Gude, W. Rettig, J. Phys. Chem. A 1998, 102,
7754.

[23] K. Parab, K. Venkatasubbaiah, F. Jikle, J. Am. Chem. Soc. 2006,
128, 12879.

[24] a) A. Declémy, C. Rulliere, Chem. Phys. Lett. 1988, 146, 1, b) M.
Maroncelli, J. Mol. Lig. 1993, 57, 1.

[25] a) Y. Yan, P. Blanco, M. Z. Saghir, M. M. Bou-Ali, J. Chem. Phys.
2008, 729, 194507; b) D. Stadelmaier, W. Kohler, Macromole-
cules 2009, 42, 9147.

www.angewandte.org

© 201 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2011, 50, 8072-8076


http://dx.doi.org/10.1016/0301-0104(93)E0423-S
http://dx.doi.org/10.1134/S0018143908030016
http://dx.doi.org/10.1134/S0018143908030016
http://dx.doi.org/10.1021/j100451a030
http://dx.doi.org/10.1021/jp807748t
http://dx.doi.org/10.1021/ja00306a006
http://dx.doi.org/10.1021/jp902962h
http://dx.doi.org/10.1002/ange.200604935
http://dx.doi.org/10.1002/ange.200604935
http://dx.doi.org/10.1002/anie.200604935
http://dx.doi.org/10.1021/ja0637550
http://dx.doi.org/10.1021/ja0637550
http://dx.doi.org/10.1002/chem.200900641
http://dx.doi.org/10.1002/ange.201000790
http://dx.doi.org/10.1002/anie.201000790
http://dx.doi.org/10.1002/anie.201000790
http://dx.doi.org/10.1021/jp070076i
http://dx.doi.org/10.1021/jp070076i
http://dx.doi.org/10.1002/chem.200600514
http://dx.doi.org/10.1021/om800856g
http://dx.doi.org/10.1021/om800856g
http://dx.doi.org/10.1002/ange.19840960825
http://dx.doi.org/10.1002/anie.198406151
http://dx.doi.org/10.1021/ja00029a023
http://dx.doi.org/10.1021/ja026689k
http://dx.doi.org/10.1021/ja026689k
http://dx.doi.org/10.1016/0040-4039(91)80798-B
http://dx.doi.org/10.1021/jp981306j
http://dx.doi.org/10.1021/jp981306j
http://dx.doi.org/10.1021/ja063302v
http://dx.doi.org/10.1021/ja063302v
http://dx.doi.org/10.1016/0167-7322(93)80045-W
http://dx.doi.org/10.1063/1.2976012
http://dx.doi.org/10.1063/1.2976012
http://dx.doi.org/10.1021/ma901794k
http://dx.doi.org/10.1021/ma901794k
http://www.angewandte.org

