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Abstract: The fluorescence quantum yields <pt and the initial photoisomerization rates for trans-sltibenc in several deoxygenat-
cd solvents were obtained as a function of solvent viscosity at room temperature by using pressures to 11 kbar to alter solvent 
viscosity. It was observed that in solvents of the same viscosity, (j>( is generally larger in hydrocarbons than in hydroxylic sol
vents. Fluorescence lifetimes at 1 atm were measured with a picosecond laser and streak camera allowing calculation of the 
radiative deactivation rate of the excited singlet state in several solvents. At high viscosities in paraffin oil and glycerol <p( ap
proaches a limiting value associated with the complete inhibition of molecular twist. Analysis of the data gives the rates of in-
tersystem crossing (isc) and of viscosity-dependent deactivation via twist of the planar excited singlet. These parameters indi
cate that in nonviscous solvents such as «-hexaneat room temperature, only about 2% of the planar excited singlet states under
go isc. The isc yield in glycerol at room temperature is calculated to be 21% implying significant isomerization via the triplet 
state in viscous solvents. 

The photoisomerization of stilbene is of considerable in
terest from both a theoretical and a practical point of view, 
particularly as a prototypical example of polyenes such as vi
tamin A and the visual pigments which play an important role 
in photobiology. Light absorption in the stilbene system is 
followed by a rapid change in molecular configuration due to 
twisting about the double bond. This change in molecular ge
ometry upon excitation gives rise to the unusual emission 
properties observed in stilbene and the polyenes. Such a process 
involving rotation about a double bond has the advantage of 
possessing a reaction coordinate easily separable from other 
molecular coordinates, thereby facilitating theoretical de
scription. 

Early work by Dyck and McClure2 and Malkin and Fischer3 

on the temperature dependence of /rara-stilbene fluorescence 
and isomerization quantum yields established that almost all 
decay from the first excited trans singlet (' t*) can be accounted 
for by fluorescence or by crossing into the state from which 
subsequent isomerization occurs. Great controversy arose over 
the identification of the process competing with fluorescence 
from 't*. Fischer-1 advocated a model proposed by Forster4 in 
which the process was assigned to intersystem crossing (isc) 
into the triplet stilbene manifold (3t*) followed by isomeriza
tion via a triplet state common to both isomers. SaltieP as
signed the competing process to activated rotation about the 
central bond to form a twisted (perp) singlet ('p*) from which 
isomerization occurs by efficient internal conversion to the 
ground state So. This singlet mechanism (eq 1 -5) has received 
additional theoretical and experimental support and is the 
currently accepted model for direct rnj«.v-stilbene photo
isomerization. 

't + ^ — ' t * (1) 

ll*-^H + hi> (2) 

i t * _ ^ i p * (3 ) 

' t * —> 3 t * (4) 

1P* -4 -« it + (1 - a ) ' c (5) 

A consequence of this mechanism is the prediction of very 
short lifetimes for stilbene fluorescence at moderate temper
atures. This is in conflict with recently reported fluorescence 

lifetime work by Birch and Birks6 in which a two-component 
exponential decay was reported. At room temperature the long 
component was found to be 1.65 ns and the short component 
less than 0.2 ns in methylcyclohexane/isohexane. In order to 
account for this, it was proposed that during the singlet (Si) 
lifetime, thermal equilibrium is established between 't* and 
1P* by reversible internal conversion across the potential 
barrier. Preliminary fluorescence data by Teschke and co
workers7 seem to indicate such an equilibrium between a 
fluorescing and a nonfluorescing state. However, a recent pi
cosecond study8 of the effect of temperature on fran^-stilbene 
fluorescence lifetimes (in which a careful search for a long 
decay component was made) and our observations on these 
lifetimes at room temperature in various solvents show only 
a single very short simple exponential decay. Until further data 
are available to resolve this question, we assume that the 't* 
—• 'p* internal conversion is effectively unidirectional as 
originally proposed by Saltiel. A small degree of reversibility 
would not affect the general conclusions reached herein. 

Two pieces of evidence were instrumental in establishing the 
singlet mechanism. One was the observation by Saltiel and 
Megarity9 that the effect of azulene on the photostationary 
states for direct stilbene photoisomerization is small and in
dependent of solvent viscosity, while the effect of azulene on 
sensitized stilbene photoisomerization is large and viscosity 
dependent. In the sensitized experiments the azulene acts as 
an efficient acceptor of triplet excitation from 3t* at the dif
fusion-controlled rate resulting in a large enhancement of the 
amount of trans isomer in the photostationary state mixture. 
The small, viscosity-independent enhancement of the trans 
isomer in the direct isomerizations is attributed to long-range 
singlet-singlet energy transfer. These experiments established 
that isc is not an important (<5%) decay path for unperturbed 
rra/u-stilbene in nonviscous solvents at room temperature. 

The second key piece of evidence for the singlet mechanism 
was the observation by Saltiel and D'Agostino10 that fluores
cence and isomerization yields remain coupled in a highly 
viscous solvent upon lowering the temperature. On the basis 
of these experiments they postulated the existence in viscous 
solvents of a viscosity-dependent barrier to 't* —• 'p* rotation 
giving an overall activation energy for this process of E* = £*, 
+ E*v where £*, is the inherent thermal barrier and £*v is the 
viscosity-dependent barrier. The individual activation energies 
were then extracted by use of the Arrhenius and Andrade 
equations to analyze the dependence of the fluorescence 
quantum yields upon temperature and upon viscosity (at 
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Figure 1. Potential energy diagram of ground and two lowest excited singlet 
states of /nms-stilbene as a function of rotation angle O, After ref 6 and 
17. 

Table I. Fluorescence Quantum Yields and Lifetimes at 23 0 C 

solvent 

methanol 
isobutyl alcohol 
tcrt-bui\\ alcohol 
glycerol 

/i-pentane 
N-hexane 
MCH 

HMN 
paraffin oil 

0r 

0.026 
0.032 
0.0359 

0.26 
0.26 (/ = 25 0C)10 

0.043 (/ = 200C)1" 
0.043 
0.047 
0.046 (I = 250C)''" 
0.048 
0.15 

Tf, ps 

58 

650 

85 

varying temperature and at constant temperature using glyc-
erol/water mixtures). 

The ordering of the lowest energy excited singlet states of 
the all-trans polyenes has been the subject of much study."'12 

In these molecules the excited 7r7r* states are of either Ag or 
Bu symmetry and the only allowed electric dipole transitions 
from the Ag ground state are to u states. Il was thought that 
the excited Ag state would be located at much higher energy 
than the B11 state owing to its doubly excited character, but 
recent theoretical work has shown that when doubly excited 
configurations are included in the configuration interaction 
this state is predicted to exist at an energy much lower than 
previously supposed.1" u In fact these calculations predict that 
in the higher polyenes the doubly excited Ag singlet should be 
the lowest singlet lying just below the singly excited B11 state.12 

The B11 state has considerable Rydberg character while the 
excited Ag state is covalent suggesting that the B11 state is much 
more sensitive to solvent changes than is the Ag excited state." 
The very strong solvent dependence of the quantum yields and 
fluorescence lifetimes of a//-?ran.s-l,6-diphenyl-l,3,5-hexa-
triene (DPH) has been attributed to the modification of the 
energy gap between these states by solvent polarity.1415 

Orlandi and Siebrand16 have proposed a potential energy 
diagram for /ran.v-stilbene isomerization based upon such a 
low-energy doubly excited singlet state. This Ag state, which 
for trans-stilbene arises from an electronic excitation mainly 
localized in the ethylenic fragment, has higher energy than the 
lowest B11 state for planar geometry, but lower energy for 

-<? 0 1 
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Figure 2. 0c vs. log viscosity: rran.v-stilbcnc in several solvents. 

twisted geometries. The two potentials interesect at some angle 
O = Os < 90° leading to a reversal of the state order. Birch and 
Birks have used this potential energy diagram in their discus
sion of stilbene isomerization. Birks17 has recently presented 
this semiempirical model in more detail and applied it to the 
higher polyenes. Figure 1 shows schematically the angular 
dependence of the ground and excited singlet state potentials 
in /ra/w-stilbene based on this model. 

In this report we investigate the effect of solvent viscosity 
on fluorescence and isomerization quantum yields of stilbene 
at room temperature by using high pressure to alter solvent 
viscosities. Viscosities from less than 1O-2 P to more than 103 

P were obtained by application of pressures to 11 kbar on or
ganic solvents. The use of pressure allows a clean separation 
of the viscosity effect from purely temperature and solvent 
effects—both of which are important in this system. 

Results and Discussion 
Fluorescence Quantum Yields and Lifetimes. Fluorescence 

lifetimes and quantum yields obtained for trans-stilbene in 
various solvents at 23 0C (Xexc 295 nm) are shown in Table I. 
Also shown are quantum yield data from Saltiel's work. 
Agreement between the two sets of data is very good. Figure 
2 shows the fluorescence quantum yield as a function of solvent 
viscosity at room temperature in several solvents. Figure 3 is 
a plot of 0f vs. P in 2,2,4,4,6,8,8-heptamethylnonane (HMN) 
and paraffin oil—solvents for which the pressure dependence 
of viscosity is not known. The 10-kbar point in HMN was 
disregarded as it seemed inconsistent with the other data. This 
was the last point taken and it is likely that some photoisom-
erization occurred resulting in a low 0r. Solutions were deox-
ygenated, although fluorescence yields in solution are almost 
unchanged even under an oxygen atmosphere. 0r()/0i°2 = 1.03 
± 0.02 in «-pentane;'« 0ro/4>f°2 = 1.01 ± 0.02 in paraffin oil 
(this work). 

The dependence of the fluorescence yields on viscosity in
dicates the presence of a viscosity barrier to 't* —* 'p* rotation 
even in the nonviscous solvents studied. There is also an in
herent thermal barrier to the twist which is not addressed in 
these experiments. It should be noted that even quite nonvis
cous solvents such as the commonly used 1:1 methylcyclo-
hexane/methylcyclopentane (MCH/MCP) mixture become 
significantly more viscous at low temperatures. For example, 
MCH/MCP attains a viscosity of about 104 P at -175 0C.19 

When a solvent such as this is used in a low-temperature flu
orescence yield experiment to extract the thermal activation 
energy via an Arrhenius plot, the observed 0r must contain both 
thermal and viscosity-dependent contributions. 

In order to explain the T;2/3 dependence of the fluorescence 
yield in the triphenylmethane dyes, Forster and Hoffman20 
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Table II. Activation Volumes 

solvent SV* cm-'/mol solvent AK*cm 3 /mol 

methanol 
/i-hexane 
MCH 
isobutyl alcohol 

2.2 
3.5 
3.7 
5.2 

HMN 
glycerol 
paraffin oil 

9.5 
12.9 
13.2 

proposed a model in which the phenyl rings rotate to a new 
equilibrium position after excitation at a rate controlled by 
Stokes-like viscous damping. The nonradiative, viscosity-
dependent deactivation rate of the excited singlet was taken 
to be quadratically proportional to the angle of ring rotation. 
Although this model accounts for the emission quantum yields, 
it predicts a fluorescence decay of the form exp(—bt3/-q2) 
where b is a constant. However, a simple exponential decay has 
been observed in the triphenylmethane dye malachite green.21 

It is difficult to see how any model in which there is a time-
dependent rate of excited-state deactivation could give rise to 
a simple exponential fluorescence decay as observed in 
trans-stWbent and malachite green. We, therefore, assume that 
the rate of viscosity-dependent 't* deactivation is time inde
pendent and assign it the value kc. Whether or not this is also 
the rate of rotation about the central bond klp as postulated 
by Birch and Birks,6 Saltiel and D'Agostino,10 and others is 
unknown. 

It is evident from Figure 2 that in addition to the viscosity 
dependence of the fluorescence yields, there is also a strong 
solvent dependence. For example, at a viscosity of 0.1 P in 
isobutyl alcohol, MCH, and «-hexane, the fluorescence yields 
are 0.045. 0.080, and 0.13, respectively. This large enhance
ment of 0r in hydrocarbon solvents over that in polar solvents 
has received little attention. Saltiel and Megarity9 noted the 
low 0f in the viscous tert-bulyl alcohol in comparison to the 
higher 0r in the nonviscous n-pentane, but attached no par
ticular significance to it. A similar solvent effect has been ob
served in fra«.9-l,l,4,4-tetraphenvl-2-methybutadiene22 and 
in DPH.2' 

The solvent effect can be rationalized in terms of Birk's 
potential diagram (Figure 1). An increase in solvent polarity 
may decrease the ' Bu* energy at a geometry near the crossing 
with 1Ag* thereby lowering the S1 potential barrier to rotation. 
This increases the rate of nonradiative 't* deactivation re
sulting in a lower 0f. Also the angle 6S at which the avoided 
crossing occurs increases—making viscosity more effective at 
hindering deactivation of 't* in a polar solvent than in a non-
polar solvent. This may explain the large slope of the 0f vs. log 
7] plot for the highly polar methanol. As expected, the ab
sorption spectrum of /ra«.?-stilbene undergoes a bathochromic 
shift of about 175 cm-1 upon changing the solvent from a 
hydrocarbon to glycerol owing to stabilization of the excited 
state by the more polar solvent.10 The findings for the two 
hydrocarbon solvents «-hexane and MCH are rather puzzling. 
The data show that the slope is larger in n-hexane. The smaller 
0r in MCH could be due to its greater molecular polarizability 
(note that at low viscosities the difference in 0r is not large). 
Phenomenologically, this indicates that an increase in viscosity 
is much less effective in hindering twisting in MCH than it is 
in n-hexane. This may be connected with the shape of the 
molecule—the other solvent molecules are much more "cy
lindrical" than MCH. 

Activation volumes SV* for 't* -* 'p* rotation in each 
solvent are shown in Table II. The correlation coefficient ob
tained from the least-squares analysis of the In kc vs. P plots 
was >0.995 for each solvent. The large variations in magnitude 
from solvent to solvent of the A V* values illustrate the powerful 
effect of molecular environment upon 't* —• 'p* rotation. The 
SV* values are not strongly correlated with solvent viscosity 
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o po ra f f i n oil 
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Figure 3. <j>f vs. pressure: /ra/;.v-stilbene in paraffin oil and in 
2.2,4.4,6,8.8-heptamethylnonane. 

or other physical properties, except that there appears to be 
some relationship to solvent boiling point. 

From our 0f and t( data at room temperature we calculate 
the radiative rate &ras4.0 X 108 s—' in glycerol, 5.5 X 10ss_1 

in isobutyl alcohol, and 5.6 X IO8 s—' in HMN. A theoretical 
value of k( in «-pentaneof 5.9 X 108 s—' has been obtained by 
Marinari and Saltiel24 from the integrated absorption spec
trum using the Birks-Dyson relation.25 The small solvent de
pendence observed is supported by the relative insensitivity of 
the /ra/u-stilbene absorption and fluorescence spectra to sol
vent changes.9 A similar insensitivity to pressure is the justi
fication for taking k[ to be pressure independent. 

Figures 2 and 3 show that at the highest viscosities attained, 
0f has reached a limiting value in glycerol and paraffin oil. The 
0r in HMN shows signs of limiting at some value near that for 
the paraffin oil. At these high viscosities the excited trans-
stilbene molecule experiences hindrance to twisting from the 
walls of its now rigid solvent cage. The rotational deactivation 
path from 't* is closed off and the excited molecule either 
fluoresces or undergoes isc to 3t*. The cessation of molecular 
twist in the excited singlet is consistent with the observation 
that the excited-state absorption of H* shows no significant 
decay in the 120 ps after excitation in a polymethyl metha-
crylate (PMMA) matrix in contrast to the fast decay observed 
in n-hexane solution.7 It should be noted that the complete 
inhibition of the 't* — 'p* rotation does not necessarily mean 
that trans to cis photoisomerization has also ceased. As Birks 
has pointed out,26 isomerization via a triplet mechanism could 
still occur. The reduction in the rate of the process 3t* —• -1P* 
would be less important than in the corresponding singlet 
process because of the longer h* lifetime. Such a triplet 
mechanism is operative in the trans to cis photoisomerization 
of the styrylnaphthalenes27-28 which occurs even in rigid media 
such as polystyrene.29 A similar triplet mechanism for isom
erization also seems to be operative in ?rans-stilbene at high 
viscosities and at room temperature. Irradiation at these 
viscosities leads to loss of fluorescence intensity indicative of 
trans to cis isomerization. 

The rate of isc at room temperature k)s can be calculated 
from the limiting 0r values at high viscosity by use of the 
equation 

(0r) , .^ = Ar/(*r+A:is) (6) 
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Figure 4. Relative 0i-.c vs. log viscosity in several solvents and 0C^, in 
isobutvl alcohol. 

Calculated £is values are 3.3 X 108 s - ' in glycerol and 2.4 X 
108S-' in paraffin oil (using k{ = 5.6 X 108S-' in this solvent). 
The difference between these values is probably not significant, 
but both are much larger than the generally quoted values. 
These range from about 2 X 107 s_1 (the value for /3-styryl-
naphthalene)30 to about 6.4 X 107S-' (from computer-assisted 
curve fitting of 0r vs. T).]* However, the large kK values ob
tained are not in conflict with the photochemical behavior of 
rra«5-stilbene at room temperature (see below). The near unity 
4>\ in hydrocarbon solvents at —190 0C3 ' is explained by as
suming that kls decreases as the temperature is lowered. At 
these low temperatures the trans to cis isomerization yield <j>{-*c 
is small (0,_c = 0.006 at -183 0C)3 so A:°is can be calculated 
as above. At about -190 0C, Arf° = 5.8 X 108S-' from low-
temperature (j>(31 and Tf8 data giving k°is = 3.1 X 107 s -1. 

Knowing k(, /;JS, and </>f at some viscosity allows calculation 
of the rate of configuration-dependent ' t* decay (kc) via the 
relation 

4x=k(/(kf + kK + kc) 

In «-hexane at atmospheric pressure and room temperature, 
k^ is 1.2 X 1010 s - ' . Values in the other nonviscous solvents 
studied are not far different. Calculation of the isc quantum 
yield <j>is in these solvents shows that only about 2% of the ' t* 
states undergo isc to 3t*. This is well below the 5% isc yield 
which could have been detected in Megarity and Saltiel's az-
ulene quenching experiments.9 In glycerol &c is 8.1 X 108s -1 

giving an isc yield of 21%. Thus, the triplet mechanism plays 
a significant role in fra/w-stilbene photoisomerization in 
glycerol and other viscous solvents at room temperature. Saltiel 
and D'Agostino10 obtained isc yields of 1 and 5% in MCH and 
glycerol, respectively, from analysis of the temperature de
pendence of stilbene fluorescence. 

Since the yields of cis- and trans-stWbene from 'p* and 3p* 
are identical,32 measurements of the photostationary states in 
a particular solvent give no information on whether the isom
erization proceeds via a singlet mechanism, a triplet mecha
nism, or both simultaneously. This explains why the same 
photostationary states are observed in glycerol and in nonvis
cous solvents. The use of a triplet interception method to de
termine the isc yield in glycerol would be extremely difficult 
as the high viscosity would result in a much smaller rate of 
triplet quenching and thereby cause only slight trans en
hancement for reasonable quencher concentrations. The 
high-pressure technique described here seems the best way to 
approach the problem. 

Initial Isomerization Rates. In Figure 4 the effect of viscosity 

on the initial rate of trans to cis photoisomerization relative to 
the initial rate at a viscosity corresponding to a pressure of 0.5 
kbar is shown in several solvents at room temperature. The data 
represent the relative rates during the first 10% of the trans to 
cis conversion. Also shown are data obtained for the cis to trans 
conversion in isobutvl alcohol. The fraction (about 0.1) of 
excited cis molecules which undergo photocyclization and 
oxidation by traces of oxygen giving phenanthrene seemed little 
affected by pressure and was ignored in the calculation of the 
relative rates. 

Although there is a fair amount of scatter in the data, several 
conclusions can be drawn. In all solvents studied, the rate of 
trans to cis conversion decreases at the highest solvent viscos
ities showing that 0tand <p[ ,C are indeed coupled in moderately 
viscous media at room temperature in accordance with the 
singlet mechanism (eq 1-5). The slope of the 0t -c vs. log 77 plot 
is greater in methanol than in the other solvents. This is con
sistent with the large viscosity effect on 4>( in methanol as dis
cussed above—solvent viscosity is more effective at hindering 
't* —• 'p* in polar solvents. In some cases it appears that at 
intermediate pressures (2-5 kbar) $,_,c actually increases as 
the viscosity increases. A likely explanation is that pressure 
alters the cis/trans decay ratio from 'p* further in favor of the 
cis isomer (1 — a = 0.59 in nonviscous solvents at atmospheric 
pressure).32 Calculation of (1 — «) from the equation 

yields values which increase by less than 1 5% in all solvents 
studied. The largest increase is in MCH while in isobutyl al
cohol (1 — a) is essentially constant. The fast drop in the rate 
of cis to trans conversion between 0.5 and 4 kbar must therefore 
be ascribed to the effect of pressure on the rate of 1C* deacti
vation. From 5 to 10 kbar, </>c—, seems independent of both 
solvent viscosity and pressure. The viscosity independence is 
in agreement with the results of Gegiou, Muszkat, and 
Fischer33 in glycerol at temperatures down to —80 0C implying 
that the rate of the process 1C* -* ' p* is much less sensitive to 
solvent viscosity than that of ' t* —*• 'p*. This is illustrated by 
the observation that the cis to trans conversion occurs rapidly 
in a PMMA matrix at pressures to 100 kbar as shown by the 
rapid growth of trans-sulbenc fluorescence intensity upon ir
radiation.34 

Conclusion 

/ra«.v-Stilbene direct photoisomerization proceeds pre
dominantly via the singlet mechanism (isc'yield » 2%) in 
nonviscous solvents at room temperature. As solvent viscosity 
is increased at room temperature, isomerization via the triplet 
mechanism becomes increasingly competitive owing to inhi
bition of the 't* —»• 'p* process. In glycerol at room tempera
ture about 21% of the 't* states undergo isc to 3t*. If the 3t* 
—* 't radiationless decay is negligible as suggested by the 
identical photostationary states observed for perhydro- and 
perdeuteriostilbenes with high-energy sensitizers'" then 21% 
of the isomerization occurs via the triplet mechanism in glyc
erol. The ability of high pressure to alter solvent viscosities at 
one temperature is a very useful tool in the investigation of 
photochemical processes involving changes in molecular ge
ometry upon excitation. 

Experimental Section 
Materials. trans-StWbene (Aldrich) was recrystallized twice from 

CHCl3/EtOH and then sublimed. Analysis by GLC showed no vol
atile impurities other than a trace of m-stilbene. A pure sample of 
m-stilbene was obtained by preparative GLC. Spectral glycerol (600 
mL) (Mallinckrodt) was mixed with 200 mL of water and filtered 
through activated charcoal to remove L'V-absorbing impurities. The 
anhydrous glycerol was recovered by fractional distillation under high 
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vacuum. Methanol, isobutyl alcohol, K-hcxane, and MCH were all 
MCB fluoromctric solvents and were used without further purification 
in the fluorescence experiments. HMN (Aldrich) and paraffin oil 
(Amoco no. 31. USP) were used to attain high viscosities in a nonpolar 
solvent. The HMN was used without further purification. The paraffin 
oil was stirred for 12 h over fuming sulfuric acid (30% SO3), washed, 
neutralized, and filtered through silica gel and alumina. This treat
ment reduced the fluorescence background by a factor of about 20 for 
313-nm irradiation. The alcohols for the isomerization experiments 
were distilled over BaO to remove trace acidic impurities which cat
alyzed cis to trans isomerization upon concentration of the irradiated 
solutions. The MCH was distilled to remove small amounts of high-
boiling substances which interfered with the GLC analysis. 

High-Pressure Viscosities. The pressure dependence of the 
viscosities of the solvents in Figure 2 is given by Bridgman at 30 and 
75 0C.3> The Andrade equation is used to correct the viscosities to 
ambient temperature at each pressure. The currently accepted value 
for the viscosity of glycerol at 30 0C (6.29 P) is used rather than that 
used by Bridgman (3.8 P), which he took from the International 
Critical Tables. The more recent work by Zolotykh16 on the pres
sure-viscosity relation of carefully dried glycerol to 7 kbar shows 
excellent agreement with Bridgman's data. 

Atmospheric Fluorescence Yields. Fluorescence quantum yields at 
atmospheric pressure for trans-sxWomc in methanol were obtained 
relative to quinine sulfate in I N H2SO4 (<£r = 0.55)37 at 23 0C. Flu
orescence spectra of stilbene and the standard were taken on a pre
viously described emission spectrometer-1"-19 using photon counting 
at very low excitation intensities. Loss of fluorescence intensity while 
the spectrum was being taken (due to trans to cis photoisomerization) 
was negligible. The relative fluorescence intensities were obtained by 
integration of the corrected emission spectra. Refractive index cor
rections were made to adjust for the different solvents used with the 
standard and the stilbene solution. Concentrations of solutions were 
adjusted so that optical densities were approximately equal at the 
exciting wavelength (295 nm) and the fluorescence intensities were 
corrected for small differences in optical density. Fluorescence 
quantum yields for rraw.s-stilbene in other solvents were determined 
by comparison with the quantum yield in methanol. This was done 
on an uncorrected fluorometer (Farrand Mk II) by monitoring the 
emission intensity at the wavelength of maximum intensity in each 
solvent and assuming that the intensity is proportional to the area of 
the emission spectrum in that solvent. (Emission spectra changed only 
slightly in position and half-width in the solvents studied.) Refractive 
index corrections were made as above. 

High-Pressure Fluorescence Yields. The high-pressure liquid cell 
and associated emission equipment have been described elsewhere.38-19 

rra/i.s-Stilbene solutions (4 X 10-6 M) were excited into the absorption 
band with maximum at about 308 nm. The excitation wavelength 
(bandwidth 0.5 nm) was adjusted at each pressure and for each solvent 
to give maximum fluorescence intensity. The shift of the excitation 
maximum was never more than 3 nm over the 11-kbar pressure range. 
Photon counting at very low excitation intensities was used to minimize 
trans to cis isomerization. In order to further reduce the time that the 
solution was irradiated during a pressure run. only the emission in
tensity at the wavelength of maximum intensity was taken at each 
pressure. This emission intensity was corrected for photomultiplier 
and monochromator response, and taken to be proportional to the area 
of the emission spectrum at that pressure. The emission spectrum 
undergoes a red shift with increasing pressure, but the half-width is 
little changed. Intensities were corrected for the increase in solution 
concentration due to solvent compressibility using Bridgman's 
data.40-41 The compressibility of/!-heptane was used for HMN and 
paraffin oil was assumed to be 85% as compressible as /i-heptane. It 
is unlikely that these estimated values differ by more than 10% from 
the actual compressibilities. No correction for the approximately 10% 
increase in refractive index42 from atmospheric pressure to 11 kbar 
has been applied to the high-pressure intensity data. The design of the 
collection optics in the high-pressure emission equipment makes this 
correction negligible. 

High-Pressure Isomerization Rates. Solutions at pressure were ir
radiated in a cylindrical stainless steel inner cell designed for high-
pressure absorption work41 with path length of about 1.5 cm. The 
sapphire window assembly at one end of the cell was replaced with a 
polished stainless steel plunger to reflect exciting light back into the 
solution. It was verified that the extent of photoisomerization was 
directly proportional to irradiation time for small conversions showing 

the absence of any appreciable dead volume in the cell. All solutions 
were deoxygenated by bubbling argon through them for several 
minutes. rrww-Stilbene solutions (4 X 10~6 M) were irradiated at the 
wavelength of maximum emission intensity for each pressure and 
solvent as determined in the fluorescence experiments. f/.v-Stilbenc 
solutions (I X 10~5 M) were irradiated at 277 nm. A solution was 
brought to pressure and irradiated for the time necessary to bring 
about approximately 10% isomerization at 0.5 kbar, the pressure was 
released, and the sample was set aside while the process was repeated 
at another pressure. After several pressure runs, the solutions were 
concentrated on a hot plate under a stream of argon. This treatment 
was shown not to affect cis/trans ratios if carefully done. The solutions 
were then analyzed by GLC for the percent conversion (glass 3 ft X 
Vs in. column of 3% SE-30 on Chromosorb P, T 155 0C). 

Fluorescence Lifetimes. The picosecond laser, streak camera, and 
digitizing system have been previously described.44 The Nd1+: YAG 
laser 4th harmonic (265 nm) was used to excite rrafls-stilbene (5 X 
1O-5 M) in various solvents at room temperature. Streak camera 
optics were quartz, allowing observation of the entire r/wt.?-stilbene 
fluorescence spectrum. Ten decay curves were obtained in each sol
vent, summed, and fitted to a single exponential decay. In each case 
a good fit was obtained. 
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Introduction 

In earlier work' we measured the relatively low rate con
stants of proton transfer to a number of cyanine cations acting 
as carbon acids with pKa values between 4 and 8 in their 
electronic ground states. Simple Forster cycle calculations 
predict these cyanines to be considerably stronger acids in their 
electronic excited state than in their ground state. In this paper 
we show that addition of high concentrations of HCIO4 or 
H2SO4 leads indeed to a strong increase of fluorescence in the 
Hammett acidity region without any shift in fluorescence or 
absorption wavelength. Surprisingly, this observed fluorescence 
enhancement also occurs with the anions of these acids, i.e., 
perchlorate or bisulfate ions at low acidities. A similar fluo
rescence enhancement is observed in the fragment of pseu-
doisocyanine (I , I-diethyl 2,2-cyanine chloride), namely, N-
ethylquinolinium ion, whose quaternized nitrogen cannot ac
cept a proton. Thus we are led to conclude that the excited 
states of these cations interact specifically with the anions of 
the above acids to form strongly fluorescent ionic adducts. This 
interpretation may be extended to the dramatic fluorescence 
enhandement observed for simple quinolinium cations in 
concentrated HCIO4 or H2SO4 which has been attributed to 
a (second) excited state pA.a* in the Hammett acidity region.2 

However, since NaClO4 (or KHSO4) is shown in this work to 
produce a similar enhancement, an excited-state pA";1* may not 
be invoked in the Hammett acidity region for the quinolinium 
ion. On the other hand, a number of other strong acids (e.g., 
HCl) and their anions are efficient quenchers in solvents of 
high dielectric constant at room temperature. 

We present a mechanism that interprets this novel fluores
cence behavior in terms of excited-state adduct formation in
volving the specific anions ClO 4" or H S O 4

- . One may visu
alize the strongly fluorescent excited-state adduct as an excited 
cation which is "protected" from quenching H?0 molecules 
through complex formation with a specific anion. Adduct 
formation may be accompanied by a (partial) substitution of 
the solvation sphere around the cation by the entering C l O 4

-

f In partial fulfillment for the Ph.D. degree. I 975. 
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or H S O 4
- . Thus some but not all water molecules may be 

displaced in the inner cation solvation sphere resulting in the 
observed fluorescence enhancement without any fluorescence 
wavelength shift: 

(A5
+)* + S5- =*=* (A*S")S* 

kni / ft nf 

A5
+ + S5-

where A s
+ , (A5

+)*, S 5
- , and (A+S -X5* are solvated quinoli

nium (derivative) cations, their solvated excited singlet states, 
solvated anions, and solvated ionic adducts in the excited state, 
respectively; kr and kd are adduct association and dissociation 
rate constants, respectively; / is the intensity of the exciting 
light; k[ and k{ are fluorescence rate constants of the singlet 
cation and its ionic adduct, respectively. 

We have omitted complex formation in the ground state, 
since no noticeable shift in absorption frequency or optical 
density is observed upon addition of the specific anions at room 
temperature under present conditions. Neither charge transfer 
nor exciplex formation is indicated. Transient measurements 
of fluorescence decay and steady-state measurements provide 
values for the rate constants. 

Stern-Volmer experiments in the absence of NaClO4 show 
that methanol and ethanol are stronger quenchers of cation 
fluorescence than H2O molecules. The presence of NaClO4 

significantly lowers the quenching rate constants of methanol 
and ethanol due to the "protection" by C l O 4

- through ex
cited-state adduct formation with the cation. Thus, in a wider 
sense, the observed fluorescence changes are a manifestation 
of a general solvent substitution effect. 

Experimental Section 

Reagent grade A'-ethylquinolinium iodide and quinoline were 
purchased from K and K Laboratories, Inc., and Matheson Coleman 
and Bell, respectively. Pscudoisocyaninechloride (l,l'-diethyl-2,2'-
cyaninc) was kindly provided by Dr. E. Daltrozzo. High-resolution 
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