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Abstract: Fluorescence spectra and quantum yields of tetraphenylethylene (TPE) are determined in near-critical liquid 
ethane, CO2, and their mixtures with hexane at room temperature. Because of the low viscosity and small dielectric 
constant of the solvent, which suppresses the prompt fluorescence and enhances the delayed fluorescence, the observed 
emission band in ethane is the delayed fluorescence spectrum of TPE. The results provide strong evidence for the 
delayed fluorescence mechanism of TPE and for the proposed zwitterionic character of the twisted excited state. 

Introduction 

The photophysics and photochemistry of stilbene, which serve 
as an excellent model for photoisomerization, have attracted 
considerable attention.' In an attempt to examine other arylalkene 
systems related to stilbene, there have been a number of recent 
photophysical studies of tetraphenylethylene (TPE)2"8 whose 
excited state processes are also characteristic. Upon ultraviolet 
excitation the vertically excited state of TPE in solution is short 
lived (5-15 ps),3 presumably due to a fast twisting of the central 
bond to form an excited state intermediate 1P* with the 
perpendicular geometry (Figure 1). The fluorescence of TPE is 
weak in a room-temperature solution (*F = 2 X 10-3 in hexane)9 

and consists, of prompt and delayed emissions. It was proposed 
that the prompt fluorescence is from both the vertically excited 
state and a nearly planar excited state,7 and the delayed 
fluorescence is due to a thermal repopulation of the nearly planar 
excited state from the twisted state 'p*.7'8 The thermally delayed 
process is facilitated by the long 'p* state lifetime in nonpolar 
solvents (1.7 ns in pentane and 1.5 ns in hexane). However, 
because the >p* state is most likely zwitterionic4"6'8 (as a result 
of polarization through twisting),10 its lifetime decreases dra
matically in a polar solvent.4 The decrease of the 'p* state lifetime 
can be rationalized by an increase in the radiationless decay rate 
due to a reduced energy gap between the 'p* and twisted ground 
states.4 

Even in a solvent such as benzene, the thermally delayed process 
becomes negligible.8 Because the prompt fluorescence competes 
with the twisting process and a more viscous solvent hinders the 
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Figure 1. A schematic energy diagram for the photophysics of TPE, 
where &n> and kn, denote prompt and delayed emissions, respectively. 
Although relaxation of the phenyl groups plays an important role, it is 
not included for simplicity. 

twisting motion, the yield of the prompt emission increases with 
increasing solvent viscosity. While a determination of the prompt 
fluorescence spectrum can readily be accomplished by studying 
TPE in a polar and, preferably, viscous solvent,8 an isolation of 
the delayed fluorescence band from observed spectra in commonly 
employed nonpolar solvents is not straighforward. In order to 
determine experimentally the delayed fluorescence spectrum of 
TPE, a solvent that is less "polar" and less viscous than hexane 
or pentane is required. A lower "polarity" enhances the thermally 
activated process and a smaller solvent viscosity suppresses the 
prompt emission. In this regard, a supercritical or subcritical 
fluid serves as a unique vehicle for such an investigation. For 
near-critical liquid ethane at 20 0C and 1000 Psia, the dielectric 
constant (1.49) and viscosity (0.04 cP)n are only 78% and 13% 
of those of hexane, respectively. 

In this paper, we report a fluorescence study of TPE in near-
critical liquid ethane, CO2, and their mixtures with hexane at 
room temperature (20 0C). The use of subcritical rather than 

(11) The dielectric constant was calculated from a modified Clausius-
Mosotti equation (Younglove, B. A.; Ely, J. F. / . Phys. Chem. Re/. Data 1987, 
16, 577). The viscosity was obtained from the Jossi-Stiel-Tbodos method 
(Reid, R. C; Prausnitz, J. M.; Poling, B. E. The Properties of Gases and 
Liquids; McGraw-Hill: New York, 1987). 
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Figure 2. A schematic diagram of the high-pressure optical cell. 

supercritical fluids is to maintain the room-temperature condition, 
so that the results can be compared with those from normal room-
temperature solutions. The delayed fluorescence spectrum and 
quantum yield of TPE are determined. The results provide strong 
evidence in support of the proposed delayed fluorescence mech
anism of TPE.7-8 

Experimental Section 

Materials. TPE (Aldrich 98%) was repeatedly recrystallized from 
hexane and ethanol. Spectrophotochemistry grade hexane, cyclohexane, 
THF, dichloromethane (all from Burdick & Jackson), and ethanol (Curtin 
Matheson Scientific) were used as received. Ethane (Air Products 99%), 
CO2 (Air Products, 99.9999%), and trifluoromethane (MG Industries, 
>98%) were purified by being passed through a column filled with silica 
gel and activated carbon and an oxygen trap (Alltech). 

Measurements. Absorption spectra were obtained using a computer-
controlled Shimadzu UV-2101PC UV/vis spectrophotometer. Fluores
cence spectra were recorded on a Spex Fluorolog-2 photon-counting 
emission spectrometer equipped with a 450-W xenon source and a R928 
photomultiplier tube. The measurements were made in a right-angle 
geometry using a high-pressure optical cell (Figure 2). The cell body was 
made from stainless steel. Three quartz windows (12.7 mm diameter 
and 5 mm thick) on the cell were sealed with Teflon O-rings. The optical 
paths of the cell for fluorescence and absorption measurements were 7.S 
and 35 mm, respectively. System pressure was generated by a syringe 
pump and was monitored by a pressure gauge (Heise 901A). AU 
fluorescence spectra were corrected for nonlinear instrument response12 

(different intensities of the light source and different sensitivities of the 
monochroma tor s at different wavelengths) using predetermined correction 
factors. Fluorescence quantum yields were determined using integrated 
spectral area. Because TPE undergoes photochemical reactions,9,13-15 

special efforts were made to protect the sample from excessive irradiation 
by using a small excitation slit width (O.S mm) and by recharging the 
optical cell after each fluorescence scan. 

Under our experimental conditions, ethane- hexane, ethane -ethanol, 
and COr hexane mixtures always remain single phase.16 

Results and Discussion 

The fluorescence spectrum of TPE in ethane at room tem
perature is shown in Figure 3. It is expected that the spectrum 
is due exclusively to the delayed emission. In room-temperature 
hexane, an equilibrium between the emitting nearly planar and 
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Figure 3. Fluorescence spectra of TPE (A««. • 340 nm) in ethane at room 
temperature and 700 Psia (—) and in dichloromethane (—), which are 
the delayed and prompt fluorescence spectra of TPE, respectively. The 
spectra are corrected for nonlinear instrument response. Their corre
sponding absorption spectra are also shown for comparison. 

the 1P* states was proposed and contribution of the delayed 
emission to the observed spectrum was estimated to be 80-85%.7>8 

The yields of prompt and delayed emissions (Figure 1) can be 
represented as the following: 

*FP = *FP/(*FP + K + K) 

*FD = *FD/(*FD + Kj> + kJ*) 

(D 

(2) 

where kt and k„ are the twisting and chemical reaction rate 
constants of the vertically excited state, rspectively, and *»nr,D is 
the radiationless decay rate constant for the nearly planar emitting 
state. The equilibrium constant AT is a function of the energy gap 
AE1 (Figure 1), 

K - exp(-AGj/RT) ~ expi-AEJRT) (3) 

where AGi is the corresponding free energy difference. In terms 
of radiationless decay theories,17 the radiationless decay rate 
constant of the 1P* state knr depends on the energy gap AE2 

(Figure 1), 

Vr **km*sk0 cxp(-aAE2) (4) 

where r is the 1P* state lifetime, and Ic0 and a are constants. It 
is obvious from eqs 3 and 4 that small changes in AEi and AE2 

will result in significant changes in AT and r because of exponential 
functions. A decrease in dielectric constant and refractive index 
from hexane to ethane causes an increase in 1P* state energy and, 
consequently, a decrease of AEx and an increase of AE2. Both 
energy gap changes enhance the delayed fluorescence (eq 2) 
because of an increase in K (eq 3) and a decrease in *;„, (eq 4). 

Changes in solvent dielectric constant and refractive index 
may also affect the twisting from the vertically excited state. 
However, we expect the effects to be small because TPE at 
geometries of and close to the vertically excited state is much less 
polar.3-4 For f/ww-stilbene, it was argued that polarity effects 
could cause a decrease in the intrinsic energy barrier for twisting 

(17) (a) Siebrand, W. J. Chem. Phys. 1967, 46, 440. (b) Freed, K. F.; 
Jortner, J. / . Chem. Phys. 1970,52,6272. (c) Englman, R.; Jortner, J. MoI. 
Phys. 1970,18,145. (d) Casper, J. V.; Kober, E. M.; Sullivan, B. P.; Meyer, 
T. J. /. Am. Chem. Soc. 1982,104, 630. (e) Casper, J. V.; Meyer, T. J. /. 
Am. Chem. Soc. 1983,105, 5583. (0 Casper, J. V.; Meyer, T. J. /. Phys. 
Chem. 1983, 87, 952. 
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from the vertically excited state to the perpendicular geometry, 
resulting in a lower fluorescence quantum yield. la'b-18 However, 
such an argument is hardly applicable to TPE because the twisting 
in TPE is likely not subject to an intrinsic potential energy barrier.3 

The viscosity of ethane (~0.04 cP) is also much lower than 
that of hexane, resulting in a significantly smaller prompt 
fluorescence yield. Considering the combined effects of smaller 
solvent "polarity" and lower viscosity, it can be concluded that 
the observed emission band in ethane is the delayed fluorescence 
spectrum of TPE (Figure 3). In order to further confirm this 
conclusion, a small amount of ethanol (~10% v/v) was added 
to the ethane solution to increase solvent polarity while the low 
viscosity environment was maintained. With the delayed emission 
completely quenched as a result of the high solvent polarity, the 
fluorescence spectrum due to residual prompt emission became 
so weak that it was barely distinguishable from background noise. 
Because the addition of ethanol to ethane increases the solvent 
viscosity somewhat, which is in favor of the prompt fluorescence, 
an even smaller contribution from prompt fluorescence in neat 
ethane should be expected. For a comparison, significant prompt 
fluorescence of TPE in a hexane-ethanol mixture was observed. 

Results from a study of TPE in an ethane-trifluromethane 
mixture also support the conclusion. 

Fluorescence quantum yields in ethane and ethane-hexane 
mixtures were determined in reference to TPE in a hexane solution 
in order to examine gradual changes of TPE emission properties 
with decreasing solvent viscosity and "polarity" (Figure 4). 
Measurements of the reference were also made in the high-pressure 
cell in order to maintain the same experimental conditions. After 
a correction for refractive index according to the following 
equation,12 

*F,ethane/ *F,hexane ~ (̂ A,ethane/̂ A,heMne)("hexane/"ethane) (^) 

where F\ is the ratio between the integrated fluorescence spectral 
area and the optical density at the excitation wavelength, the 
yield in ethane is ~10% higher than that in hexane. This 
corresponds to a 30-40% increase of delayed fluorescence yield 
from hexane to ethane. The increase is a combined result of a 
longer 1P* state lifetime and a smaller energy gap between the 
emitting nearly planar and the 1P* states, consistent with the 
conclusion discussed above. As the composition of hexane 
increases in an ethane-hexane mixture, the yield quickly ap
proaches the value in neat hexane. It seems that the polar excited 
state 'p* is preferentially solvated by hexane molecules in an 
ethane-hexane mixture. The quantum yield results at two 
different pressures follow the same trend, indicating that effects 
due to a change of pressure are small under our expermental 
conditions. 

Fluorescence quantum yields of TPE were also determined in 
CO2 and C02-hexane mixtures (Figure 4). Although the 
dielectric constant of CO2 (1.5 at 20 0C and 2000 Psia) is close 
to that of ethane, the fluorescence yields are quite different. As 
the composition of CO2 in the mixtures increases, the fluorescence 
yield decreases significantly. The yield in neat CO2 is less than 
20% of that in hexane. It seems that CO2 behaves like a polar 
solvent, stabilizing a polar twisted excited state. Such unusual 
solvent effects of CO2 have also been observed in systems that 
form a twisted intramolecular charge transfer state (TICT). For 
ethylp-(iV^V-dimethylamino)benzoate, TICT state formation can 
be observed in condensed CO2 but not in hexane.19 For ethyl 
/>-(JV,7V-diethylamino)benzoate, solvent effects on TICT state 
formation in supercritical ethane and CO2 are also quite different, 

(18) (a) Hicks, J. M.; Vandersall, M. T.; Sitzmann, E. V.; Eisenthal, K. 
B. Chem. Phys. UtU 1987,135,413. (b) Sundstrim, V.; Gillbro, T. Chem. 
Phys. Lett. 1984,109, 538. (c) Akesson, E.; Bergstrtm, H.; Sundstrdm, V.; 
Gillbro, T. Chem. Phys. Lett. 1986,126, 385. 

(19) Sun, Y.-P.; Fox, M. A.; Johnston, K. P. J. Am. Chem. Soc. 1992,114, 
1187. 
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Figure 4. Relative fluorescence quantum yields of TPE ( W = 340 nm) 
in ethane and ethane-hexane mixtures (V, 700 Psia; A, 2000 Psia) and 
in CO2 and CO^hexane mixtures (D, 2000 Psia) at room temperature 
(20 0C). Results in cyclohexane (CH), THF, and dichloromethane 
(DCM) are also shown for comparison. The quantum yield values are 
not corrected for the difference in solvent refractive index because an 
estimation of refractive indexes of the mixtures is hindered by local 
composition effects. 

Table 1. Absorption and Fluorescence Spectral Parameters 

solvent Kma,**5 (cm-1)" vmu
n£C (cm-1) fwhm (cm-1)' 

ethane 32800 
hexane 32400 
dichloromethane 33000 

18200 
17900 
20400 

5650 
5800 
6100 

' First absorption band maximum. * Full width at half maximum of 
the fluorescence band. 

with CO2 again acting like a polar solvent.20 These results are 
in general agreement with what can be expected on the basis of 
£r(30) values of CO2 and hexane.21 The large quadrapole moment 
of CO2 may have played a role in the solute-solvent interactions.22 

It is also interesting that the prompt and delayed fluorescence 
spectral shapes are rather similar (Figure 3), suggesting that the 
geometries of their corresponding emitting states are close. The 
emitting states are probably shallow minima on the excited state 
potential energy surface, which are subject to solvent friction 
effects. 

While the delayed fluorescence is red shifted from the prompt 
fluorescence in a spectral mixture,7'8 the spectrum in ethane (due 
to delayed emission) is actually slightly blue shifted from the 
spectrum in hexane, which consists of both delayed and prompt 
emissions (Table 1). It suggests that the delayed fluorescence 
spectrum blue shifts with decreasing solvent viscosity, similar to 
the prompt fluorescence band.8 The shifts cannot be explained 
by a change in the degree of hindrance to the rotational relaxation 
of the phenyl groups because less hindrance as a result of lower 
solvent viscosity should result in a spectral red shift.3 Although 
a determination of the causes for the characteristic shifts is 
probably difficult, one rationalization could be made according 
to a viscosity enhanced barrier model, in which solvent effects are 
treated empirically as a modification to the intrinsic potential 

(20) Bunker, C. E.; Bowen, T. L.; Sun, Y.-P. Manuscript in preparation. 
(21) Reichardt, C. Solvent and Solvent Effects in Organic Chemistry; 

VCH: Weinheim, 1988. 
(22) Hirshfelder, J. O.; Curtiss, C. F.; Bird, R. B. Molecular Theory of 

Gases and Liquids; John Wiley & Sons: New York, 1954. 
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energy surface.23-24 As viscosity decreases, the solvent induced 
changes to the excited state energy surface cause a slight shift 
of the emitting state minimum away from the twisted geometry. 
While a shift of excited state energy due to such a small geometry 
change is probably trivial, a change in the energy gap between 
excited and ground states is significant because of the steep slope 

(23) (a) Dellinger, B.; Kasha, M. Chem. Phys. Lett. 1975,36,410,1976, 
38,9. (b) Henry, B. R.; Mohammadi, M. A.; Thomson, J. A. / . Chem. Phys. 
1981, 75, 3165. 

(24) (a) Saltiel, J.; Sun, Y.-P. / . Phys. Chem. 1989, 93, 6246. (b) Sun, 
Y.-P.; Saltiel, J.; Hoburg, E. A.; Park, N. S.; Waldeck, D. H. J. Phys. Chem. 
1991, 95, 10336. 

of the ground state energy surface around the emitting state 
geometry. A blue shift of the emission band is thus observed. 

In conclusion, near-critical liquid ethane as a truly nonpolar 
room-temperature solvent serves as a unique medium for the 
determination of the TPE delayed fluorescence spectrum. The 
results provide strong evidence not only for the delayed fluores
cence mechanism of TPE but also for the proposed zwitterionic 
character of the twisted excited state. 
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