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Role of Charge-Transfer Interactions in Photoreactions. 6. Photoinduced Electron 
Transfer and Trans - Cis Isomerization for Styryiphenanthrene-Amine Systems in 
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The decay pathways of the lowest excited singlet state (SI) of trans-n-styrylphenanthrenes (n-StPh, with the location on 
phenanthrene n = 1, 2,3,4, and 9) were studied in acetonitrile at room temperature. Fluorescence lifetimes (7F)r quantum 
yields of fluorescence (@F) and intersystem crossing (%-), some properties of the lowest triplet state (TI), and the quantum 
yield of trans - cis photoisomerization (ac) were determined for the five isomers. Evidence is obtained for three different 
routes in the trans - cis photoisomerization: (i) a trans - perp rotation via TI for CStPh, (ii) involvement of both TI (-20%) 
and mainly SI for 9-StPh, and (iii) rotation via an upper triplet state for the others. The formation and decay of the five 
respective StPh radical cations in the absence of additives were observed by laser flash photolysis. On 353-nm excitation 
the yield is low (<0.1) but enhanced by fluorescence quenching with 1,4-dicyanobenzene; ionization of StPh's is supported 
by excitation at 248 nm in ethanol/water, where the solvated electron was also detected. The formation and decay of the 
five Stph radical anions are evidenced from optical and transient conductivity results in the presence of amines. They significantly 
enhance the initial amplitude of the transient conductivity signal and correspondingly quench @F, 7F, and @C (the latter only 
to a lesser extent in some cases). The bimolecular interaction between 'trans' and 4-bromodimethylaniline yields a larger 
triplet formation and only in some cases an increase of photoisomerization efficiency, with respect to those of the free olefin. 
Reactions with diethylaniline and tributylamine generate ion pairs. It is concluded that ion-pair recombination is an inefficient 
pathway to the triplet formation for trans-StPh's. 

Introduction 
The photochemistry and photophysics of trans-n-styryl- 

phenanthrenes (n-StPh, with the location on phenanthrene n = 
1,2, 3,4, and 9; trans isomers throughout) and their exciplexes 
with amines in nonpolar solvents have been widely investigated 
in the past It has been shown that the first excited singlet 
state (SI) has a high barrier for the trans - perp twisting process. 
Thus, the trans - cis photoisomerization of the five StPh's occurs 
mainly in the triplet manyfold in nonpolar solvent at  room tem- 
perature and bel0w.I9~ 

The charge-transfer interactions between 'trans* and amines 
in n-hexane and methylcyclohexane, in particular the exciplexes 
of 9-StPh with diethylaniline (DEA) and tributylamine (TBA), 
have been extensively investigated; the individual rate constants 
for the complex formation and decay and the related thermody- 
namic quantities have been obtained.* Moreover, solvent effects 
on the exciplex parameters have allowed information on the 
changes in the electronic structure of the complexes to be col- 
lected.) 

More recently, the effect of the exciplexes with amines on the 
quantum yield of trans - cis photoisomerization (ac) and on 
quantum yield of triplet formation (%, as a measure of intersystem 
crossing quantum yield, am) in n-hexane has been studied." The 
presence of DEA, TBA, and 4-bromodimethylaniline (BrDMA) 
markedly affects the photoisomerization of StPh's, quenching or 
enhancing it, depending on the position of the styryl group on 
phenanthrene, as well as on the quencher and the ~ o l v e n t . ~  Flash 

(1) Bartocci, G.; Masetti, F.; Mauucato, U.; Spalletti, A,; Baraldi, I.; 
Momicchioli. F. J .  Phvs. Chem. 1987. 91. 4733. 

(2) Aloisi; G. G.; Masetti, F.; Elisei, F.; Mazzucato, U. J .  Phys. Chem. 

(3) Elioei, F.; Aloisi, G. G.; Masetti, F. J .  Chem. Soc., Faraday Trans. 2 

(4) Aloisi, G. G.; Elioei, F. J .  Phys. Chem. 1990.94, 5813 and references 

(5) EILi, F.; Aloisi, G. 0.; Mamcato, U. J.  Phys. Chem. 1990,94, 5818. 

1988,92,3394. 

1989, 85, 789. 

therein. 

photolysis experiments have indicated that these quenchers induce 
the formation of transients having triplet character. However, 
the transient has been unequivocally ascribed to the isomerizable 
lowest triplet state of the olefins (TI) only with BrDMA.S As a 
general rule, only an electron donor bearing a heavy atom effi- 
ciently quenches the fluorescence and is able to enhance @C in 
nonpolar ~ o l v e n t . ~  

So as to extend and complete this research, it was interesting 
to study the behavior of these systems in a polar solvent, where 
the prevailing decay pathway of exciplexes involves radical ions6 
The aim of the present paper is the presentation and discussion 
of the photophysical and photochemical behavior of the five StPh's 
in acetonitrile both in the absence and in the presence of the three 
respective amines as electron donors and 1 ,Cdicyanobenzene 
(DCNB) as electron acceptor. In particular, the spectral and 
kinetic properties of the transients produced by nanosecond laser 
excitation were determined and combined with conductivity 
changes caused by formation and decay of ion pairs. 

It is well-known that organic molecules in acetonitrile undergo 
photoinduced ionization which can be detected electrically (by 
a photocurrent or a conductivity) or ~ p t i c a l l y . ~ ~ ~  Since the 
formation of the radical cations is competitive with the other 
monomolecular and bimolecular decay pathways, the mechanism 

(6) (a) Mataga, N.; Kubota, T. In Molecular Interactions and Electronic 
Spectra; Marcel Dekker: New York, 1970. (b) Beens, H.; Weller, A. In 
Organic Molecular Photophysics; Birks, J. B., Ed.; John Wiley: London, 
1975; Vol. 2, p 159. (c) Mataga. N.; Ottolenghi, M. In Molecular Associa- 
tion; Foster, R., Ed.; Academic: London, 1979; Vol. 2, p 1. (d) Mataga, N. 
Pure Appl. Chem. 1984,56, 1255 and references therein. (e) Kavarnos, G. 
J.; Turro, N. J.  Chem. Rev. 1986, 86, 410. 

(7) (a) Ottolenghi, M. Chem. Phys. Lett. 1971, 12, 339. (b) Ottolenghi, 
M. Acc. Chem. Res. 1973,6, 153. (c) Dclcourt, M. 0.; Rmi ,  M. J. J .  Phys. 
Chem. 1982.86, 3233. (d) Hirata, Y.; Mataga, N. J .  Phys. Chem. 1983, 87, 
1680. (e) Saito, T.; Haida, K.; Sano, M.; Hirata, Y.; Mataga, N. J .  Phys. 
Chem. 1986, 90, 4017 and references therein. 

(8) (a) Vauthey, E.; Suppan, P.; Haselbach, E.; Davidson, R. S. Helv. 
Chim. Acta 1986,69,430. (b) Vauthey, E.; Haselbach, E.; Suppan, P. Helv. 
Chim. Acta 1987, 70, 347. 
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TABLE I: F l p o r ~  Lifetimes .ad Quantum Yields rud Rate 
Constants for F luo~cace  Quenching of StPb's by Amines in 
Acetonitrile at Room Temperature 

10-lOk,C/M-l s-' 

compd TFa/ns &Fb TBA DEA BrDMA 
1-StPh 7.0 (10)' 0.74 (0.61)' 0.94 2.1 1.9 

3-StPh 6.0/15.8' 0.66 (0.56) 1.1 1.8 1.5 
2-StPh 26.2 (34) 0.54 (0.35) 0.96 2.0 1.8 

(7.7/18)' 
4-StPh 13.6 (18) 0.23 (0.19) 0.6 1.6 1.2 
9-StPh 2.0 (5.3) 0.31 (0.67) 0.93 2.1 5.3'  

a Mean deviation of three independent experiments C5W. bMean 
deviation of three independent experiments ca. 5%. ' Estimated error 
&IO%. 'Values in parentheses refer to n-hexane! cBiexponential de- 
cay. 'For involvement of static quenching, see text. 

of StPh photoionization was also investigated. 

Experimental Section 
The n-StPh isomers were the same as used in previous 

~ o r k s . ' - ~ * ~ J ~  Solvents were purified by usual methods (water: 
triply distilled; ethanol, Merck: fractional distilled) or used as 
received (acetonitrile, Uvasol). Tributylamine and N,N-di- 
ethylaniline (Carlo Erba, RPE grade), were distilled and dried 
before use, 4-bromo-N,N-dimethylaniline (Aldrich) was recrys- 
tallized, and 1 ,Cdicyanobe.nzene (Aldrich) was used as received. 
All measurements were carried out a t  a temperature of 23 f 2 
O C  and in deoxygenated solutions (purging with argon or nitrogen) 
unless indicated otherwise. 

Spectra, lifetimes, and quantum yields of fluorescence were 
measured as described previo~sly. '*~*~ The photoisomerization 
quantum yields (using [StPh's] H 1 X 10-4 M, Lc = 335 or 355 

were obtained for I1 0% conversion, in order to minimize 
the back-reaction and the photocyclization of the cis isomer. The 
photoisomerization quenching was studied spectrophotometrically 
and chromatographically (HPLC) under the same experimental 
conditions as the fluorescence. The HPLC measurements were 
carried out by a Waters apparatus equipped with an Erbasil CIS 
column and a UV detector. The following conditions of analysis 
were used: water-acetonitrile (20:80, v/v) as eluent, 300 and 335 
nm, and diphenylethanedione as internal standard. 

Two excitation wavelengths, A,, = 353 nm from the third 
harmonic of a Nd laser and to a lesser extent (where specified) 
X, = 248 nm from a XeF excimer laser, were used in nanosecond 
flash photolysis." The conductivity quartz cell (path length 5 
mm) contained three glassy carbon electrodes which were con- 
nected with a pulse generator (200 V) and via an amplifier (IOX) 
with the differential amplifier of a transient digitizer; for data 
handling and further details see elsewhere.12 TT (the time at which 
the initial signal is reduced to ]/e) and t I l 2  (the time at  which 
the initial signal is halved) are reported for the transients showing 
first-order and mixed-order kinetics, respectively. 

Results and Discussion 
The 

fluorescence and trans - cis photoisomerization are the main 
decay processes of excited StPh's in acetonitrile as in nonpolar 
s01vents.I~~ The fluorescence quantum yields and lifetimes of the 
five isomers are compiled in Table I. All lifetime values in 
acetonitrile are shorter than those previously measured in n- 
hexane? This indicates that the increase in solvent polarity causes 
an increase in one or more of the decay rate parameters of SI.  

Fluorescence and Photoisomerization of StPh's. 

(9) (a) Bartocci, G.; Masetti, F.; Mazzucato, U.; Marconi, G. J .  Chem. 
Soc., Furuduy Truns. 2 1984, 80, 1093. (b) Barigelletti, F.; Dellonte, S.; 
Orlandi, 0.; Bartocci, G.; Masetti. F.; Mazzucato, U. J .  Chem. Soc., Furuduy 
Truns. J 1984,80, 1 1  23. 

(IO) Aloisi, 0. G.; Mazzucato. U.; Spalletti, A.; Galiazzo, G. 2. Phys. 
Chem. (Munich) 1986,33, 297. 

( 1  1) (a) Gamer, H. J .  Phys. Chem. 1987, 91, 1887. (b) Elisei, F.; Maz- 
zucato, U.; Garner, H.: Schulte-Frohlinde, D. J.  Phorochem. 1987, 37, 87. 
(c) Elisei, F.; Mazzucato, U.; Garner, H. J .  Chem. Soc., Furuday Truns. 1 
1989,85, 1469. 

(12) Kuhn, H. J.; Gorner, H. J .  Phys. Chem. 1988, 92, 6208. 

TABLE 11: Trans - C& Pbotoirolerinh Quam- Yields of 
StPb's (ac) in Acetonitrile Together with the Limiting Vduea ([Dl - 
m) in the Pnscaee of Amines 

aClim b 

compd %" TBA DEA BrDMA 
1-StPh 0.13 (0.14)c 0.07 0.07 0.18 

3-StPh 0.16 (0.13) 0.06 0.05 0.32 
2-StPh 0.24 (0.24) 0.07 0.06 0.20 

4-StPh 0.29 (0.30) 0.06' C0.01' 0.12' 
9-StPh 0.33 (0.13) 0.03 CO.01 0.10 

Mean deviation of three independent measurements ca. 5%. 
bEstimated error *lo%. Values calculated as described in ref 4 unless 
otherwise indicated. ' Values in parentheses refer to n-hexane! 
'Measured at [TBA] = 0.336 M. 'Measured at [DEA] = 0.125 M. 
'Measured at [BrDMA] = 0.012 M. 

TABLE III: Spectral rad Kinetic Properties of the Radical Cations 
of the StPb's in Acetonitrile 

10-I0k,/ 
compd hMx/nm t y / z " / r ( ~  M-' S-' *RCm 
I-StPh 510, 560 sh (500, 570 sh)b 8.1 0.69 0.09 
2-StPh 480 sh, 540 (480, 545) 3.6 0.85 0.04 
3-StPh 500, 550 sh (500, 560) 5.6 0.71 0.07 
4-StPhc 490 (500) 7.7 0.23 0.05 
9-StPh' 510, 560 sh (520, 570) 4.4 0.22 0.03 

"Calculated from the intercept of the equation (t,,2);1 = (ty,2)-1 + 
2'/*k,[n-StPh], and it represents the half-life of the radical cation un- 
der conditions of [n-StPh] - 0 in air-saturated solution. bValues in 
parentheses refer to EtOH/H20 (1:1, v/v). 'Radical characterized in 
the presence of 0.1 M DCNB. 
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Figure 1. I-StPh in acetonitrile (X, = 353 nm). Formation and decay 
of (a) AA of trans" at 500 nm and (b) transient conductivity (AK) in the 
absence of additives and (c) AA of trans*- at 570 nm and (d) AK in the 
presence of 0.06 M DEA. 

For I-,  2-, 3-, and 4-StPh, aF in acetonitrile is larger than in 
n-hexane (Table I), while the quantum yields of trans - cis 
photoisomerization in the absence of additives (e,-) in the two 
solvents are effectively identical (Table 11). Thus, the decrease 
in T~ is mainly due to an increase in the radiative decay rate 
constants. These parameters in acetonitrile are, in fact, 1.5-2 times 
greater than in n-hexane. 

Laser flash photolysis measurements of 1- and 3-StPh in 
acetonitrile reveal a substantial reduction of the population of Ti. 
This indicates for these two iwmers, at  least, that the operative 
mechanism for the isomerization changes on going from nonpolar 
to polar solvents (see below). 

In contrast to the other isomers for 9-StPh, the decrease in TF 

is accompanied by a coupled change of the isomerization and 
fluorescence quantum yields so that the decrease of eF accounts 
for the increase of Qc. This solvent effect can be satisfactorily 
explained by a decrease of the barrier for trans -. perp rotation 
in SI on increasing the solvent polarity. The isomerization 
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Figure 2. Transient absorption spectra of radical cations of StPh's in 
acetonitrile, generated at the pulse end in the presence of 0.1 M DCNB 
(he = 353 nm). 

mechanism of StPh's in acetonitrile is fully discussed later on. 
Formation of Radical Cations upon 353-nm Excitation. 

Aromatic compounds are known to undergo photoionization in 
polar solvents through various mechanisms? We therefore carried 
out experiments to check the presence of radical cations after laser 
excitation of the StPh's in acetonitrile. For anthracene and pe- 
rylene the quantum yield for the radical cation production in this 
solvent is 0.06 and 0.02, respectively.s It is not expected to be 
higher for StPh's since fluorescence and photoisomerization ac- 
count for almost all the absorbed quanta. 

Our laser flash photolysis investigation evidenced the production 
of a short-lived triplet state (see below) and of a longer lived 
transient (TrRC). In fact, for all the five isomers, TrRC appeared 
at the pulse end in the absence of additives. It is characterized 
by a structured absorption spectrum in the 500-600-nm region 
(Table HI), and its decay follows mixed-order kinetics (half-life, 
tllz, in the microsecond range; see Figure la). 

The transient TrRC is assigned to trans" for the following 
reasons: (i) Its half-life is not influenced by oxygen. For com- 
parison, the triplet lifetimes (7T) are efficiently quenched by oxygen 
(see below). (ii) Its decay is similar to the short-lived component 
of the laser-induced conductivity signal at least for 1- and 2-StPh, 
for which a substantial increase (AK) was recorded (see below). 
(iii) TrRC is enhanced (without spectral changes) by the addition 
of DCNB (Figure 2 and Table HI), which is a well-known acceptor 
for excited singlet states of aromatic hydrocarbons6 and has teen 
used to produce and to study radical c a t i ~ n s . ~ ~ * ' ~  Electron transfer 
according cq 1 also generates the radical anion of DCNB, which, 
however, absorbs too weakly to become detectable in our con- 
d i t i on~ . '~  

'trans* + DCNB - trans'+ + DCNB'- (1) 
The decay of TrRC is accelerated on increasing the StPh con- 

centration, pointing out that the bimolecular interaction between 
trans'+ and the ground state is an important pathway in the 
disappearance of the radical cation. The rate constants for this 
reaction (k,), which are very close to the diffusional limit, are listed 
in Table 111. For 4- and 9-StPh, the k, values were measured in 
the presence of DCNB in order to enhance the absorption of 
trans'+ because it is otherwise hidden by the TI  - T, transition 
(see below). 

It should be mentioned that the decay of TrRC can also be 
quenched by ferrocene and azulene (results not shown), presum- 

(13) Grellmann, K. H.; Watkins, A. R.; Weller, A. J. Phys. Chcm. 1972, 

(14) Irata, K.; Kanda, Y.; Mataga, N. J .  Phys. Chem. 1983, 87, 1659. 
76, 469. 
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ably via electron transfer to trans'+. 
The electron ejected from 'trans* (in the absence of electron 

acceptors other than the solvent) is rapidly converted into 
(CH3CN)2w,'e which is a short-lived species, generating polymeric 
radical anion (CH3CN),'-.7d*e Formation of the two charged 
species is described by eq 2. 

(2) 
Time-resolved conductivity measurements in argon-saturated 

solutions of StPh's reveal the laser-induced formation of ion pairs. 
A transient conductivity increase (AK),  although weak, appears 
withii the duration of the laser pulse (120 ns) for all five isomers. 
The decay of AK is shown as an example in Figure 1 b for 1 -StPh. 

In order to obtain information about the yield of trans'+ for- 
mation, the values aRC- = A A / A A " B  (Table 111) have been 
measured. In this relation AA is the optical density of TrRC at 
A, without additives, and AA"B is the same quantity in the 
presence of high electron acceptor concentration ([DCNB] - a!. 
The reported aRC[nax values (qO.1) indicate that the ion-pair 
formation process IS less important, in the decay of StPh excited 
states, than fluorescence and trans - perp rotation. On the basis 
of the aF, !,-, and aRSm values, it cannot be excluded that the 
recombination of the ion pair leads to the isomerizable triplet, 
at least for the isomers 1,2, and 3 for which the sum aF + aC/a + cPRCmaX slightly exceeds unity (a = 0.5 is the fraction of 
molecules in the perpendicular configuration that goes to the cis 
form).4 

Formation of Radical Cations upon 248-nm Excitation. The 
above assignment of trans'+ is also in agreement with the results 
obtained with excitation of StPh's at 248 nm in ethanol/water 
(9:1-1:1, v/v). Under these conditions, the StPh's are pho- 
toionized, thereby forming the solvated electron (eaq-) and the 
radical cation: 

~CH,CCN 
'trans* - trans'+ + (CH3CN)2'- 

hv 
trans - trans*+ + ea; (3) 

The assignment of the short-lived transient (Amx n, 710 nm), 
formed within the duration of the laser pulse, to e, - in all five 
cases is supported by the result that its lifetime is re&ced to less 
than 10 ns after saturation with N2O.I5 The involvement of 
trans'+ is evidenced by (i) a further transient at the pulse end and 
with a much longer half-life than TI  (t1/2 in the microsecond 
range), (ii) a structured absorption spectrum (A, in the region 
500-600 nm), (iii) the fact that its half-life is not quenched by 
NzO and 02, and (iv) a conductivity increase upon laser excitation 
(see below). 

The spectral and kinetic characteristics of TrRC under these 
conditions are practically the same as described above for exci- 
tation at 353 nm in acetonitrile once the stronger spectral over- 
lapping of more transients for X, = 248 nm is taken into account. 
It should also be noted that SI - S, in the 500-800-nm range 
becomes apparent; its AAmx varies with the type of isomer and 
the water content in ethanol (generally decreasing with increasing 
[H20]). As examples, the time-resolved transient absorption 
spectra of 2-, 4-, and 9-StPh in argon-saturated ethanollwater 
solution are shown in Figure 3. It is possible to separate out the 
absorption spectrum of each of (i) S1 - S, transition (recorded 
at A > 540 nm, since the fluorescence overlaps too strongly at 
shorter wavelength), (ii) the triplet (e.g., A, = 490 nm and 7 

0.8 )cs for 9-StPh), (iii) the solvated electron (A- H 710 nm), 
and (iv) the longer lived radical cation (e.g., A, = 520, 570 nm 
for 9-StPh). Monophotonic rather than biphotonic photoionization 
is concluded from the linear dependence of AA of the latter two 
transients on the laser intensity (e.g., for 9-StPh at around 570 
and 700 nm, respectively) in all cases. A further transient (e.g., 
A,,, S 400 nm for 9-StPh) appeared, and its AA is higher for 
9-StPh than for the other four isomers. This absorption is not 
quenched by oxygen and NzO and is virtually constant over 20 
~ s .  It is tentatively assigned to a side photoproduct. 

(15) Elisei, F.; Mazzucato, U.; G h e r ,  H.; Schulte-Frohlinde, D. J .  
Photochcm. Photobiol., A: Chcm. 1989, 50, 209. 
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Figure 3. Transient absorption spectra of 2-, 4-, and 9-StPh in 
EtOH:H20 (l:l, v/v) at 10 ns (a), 100 ns (0), 500 ns (A), and 2 c (0) 
after the pulse (&,,, = 248 nm). 

I /  I 

L I  I 
0.02 0.04 0.06 

[DEAI (4 
Figure 4. Effect of DEA concentration on the relative values of the 
quantum yields of fluorescence (a), trans - cis photoisomerization (a), 
and on the radical anion formation (X) and conductivity increase at the 
pulse end (A) for I-StPh in acetonitrile. 

Fluorescence Quenching by Amines. Addition of TBA, DEA, 
and BrDMA to StPh's in n-hexane causes a quenching of the olefin 
fluorescence, the appearance of a new structureless band, and an 
increase of the triplet populat i~n.~ In acetonitrile the quenching 
by these amines, which follows the Stern-Volmer equation, is not 
accompanied by exciplex emission and leads mainly to the for- 
mation of radical ions in the case of TBA and DEA and of StPh 
triplets with BrDMA (see next section). All the Stern-Volmer 
plots were linear, even though for 3-StPh a biexponential decay 
was observed.' This point has already been discussed in a previous 

The decrease of aF in the presence of increasing con- 
centration of DEA is shown in Figures 4 and 5 for the five isomers. 
The quenching rate parameters (kq, Table I) are calculated from 
the slopes of the Stern-Volmer plots (least-squares treatment), 
and their values are close to the diffusional limit (kdim). It should 
be noted that, as already found in nonpolar solvents and discussed 
in previous the quenching by TBA is less efficient than 
that by the other amines. 

A particular quenching mechanism has to be invoked for the 
9-StPh-BrDMA system because the k value (5.3 X 1OIo M-I d) 
is larger than kdim (2.7 X 1O'O M-' s-')fla even taking into account 
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9 "I 
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- 
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A "I 
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1.01 . / 

I& 3-StPh 

0 0.02 0.04 " 0.02 0.04 0.06 

[DEAI (4 
Figure 5. Effect of DEA concentration on the relative values of the 
quantum yields of fluorescence (O), trans - cis photoisomerization (a), 
and on the radical anion formation (X) and conductivity increase at the 
pulse end (A) for StPh's in acetonitrile. 

TABLE I V  Spectral and Kinetic Properties of the Triplets of StPb's 
in Acetonitrile 

1 o-loko,"/ 
compd X,../nm r d p s  M-'S-' 67- 
1-StPhb 470 0.32 0.75 C0.03 (0.18)c 
2-StPhb 440, 560 0.15 0.83 C0.05 (<0.01) 
3-StPhb 490 0.35 0.92 C0.06 (0.35) 
4-StPh 480 0.34 0.76 0.59 (0.55) 
9-StPh 470, 570 sh 1.1 0.51 0.12 (0.32) 

OEstimated error f1096. bTriplet characterized in the presence of 
0.1 M BrDMA. 

the experimental error. Interactions in the ground state leading 
to static quenching phenomena or electron transfer to the 'trans* 
state over distances somewhat larger than the collisional diameter 
are conceivable and could be invoked to explain this behavior, even 
though ground-state complexation is not supported by spectro- 
scopic evidence and curved Stem-Volmer plot. However, kq values 
larger than km were also found in the case of trans-stilbeneamine 
systems and were explained in the same way."*'* 

The Triplet State and Its BrDMA-Enhanced Formation. In 
addition to the transient ascribed to trans'+ (TrRC), excitation of 
4- and 9-StPh at  353 nm in acetonitrile generates a major transient 
(TrT) with triplet character. The triplet lifetime (rT), in contrast 
to the half-life of TrRC, is reduced by oxygen. From the depen- 
dence of koM = l/rT on [O,], the quenching rate constant by 
oxygen (k,) was obtained (Table IV). The assignment of TrT 
to the lowest triplet state is evidenced by the comparison of its 
properties (first-order decay kinetics and A,, = 470-490 nm) 
with those of the triplets of StPh's in n-hexanes and by the 
heavy-atom effect of BrDMA on the population of TrT in ace- 
tonitrile (see below). Excitation of the other three trans isomers 
in the absence of additives generates only trans". Since both TrT 
and TrRc are formed within the duration of the laser pulse, singlet 
excited states should be precursors of these two transients. (T-T 
absorption spectra of 4- and 9-StPh were also detected by using 
A,,, = 248 nm; see Figure 3). 

Values in parentheses refer to n-hexane.s 

(16) Murov, S. M. Handbook ofPhorochemistry; Marcel Dekker: New 
York, 1973. 

(17) (a) Hub, W.; Schneider, S.; D6rr. F.; Oxman. J. D.; Lewis, F. D. J .  
Am. Chem. Soc. 1984, 106, 701. (b) Hub, W.; Schneider, S.; Wrr, F.; 
Oxman, J. D.; Lewis, F. D. J .  Am. Chem. Soc. 1984, 106,708. 

(18) Lewis, F. D. Adu. Phorochem. 1986, 13, 165. 
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Figure 6. Absorption spectra of the radical anions of StPh's in aceto- 
nitrile generated at the pulse end in the presence of 0.1 M DEA (& = 
353 nm). 

In general, when BrDMA is used as quencher, the StPh triplet 
is the main transient observed. The intersystem-crossing (ISC) 
catalysis caused by the heavy atom in the amine allows also the 
triplet properties of I - ,  2-, and 3-StPh to be measured. Spectral 
and kinetic characteristics (e.g., first-order decay) of the triplets 
of the five StPh's at  r c "  temperature are compiled in Table IV. 
The absorption maxima and decay lifetimes in acetonitrile are 
very close to those reported in n-hexane.' In particular, the 
lifetimes, in the 0.1-1-p range, are compatible with the presence 
of a 'trans* s 3perp* equilibrium shifted toward the trans 

The aTmX values (Table IV) are calculated from the en- 
hancement of the triplet population by BrDMA. (PTmax was 
equated to the AA/L\ABrDMA ratio, where AA and A A B ~ D M A  are 
the optical changes of TrT at  A,, without additives and in the 
presence of a sufficiently high concentration of BrDMA, re- 
spectively. They can be therefore taken as the maximum values 
for the triplet yield. Only the aT- values of 2- and 4-StPh are 
practically identical with those in n - h e ~ a n e ; ~  the others are 
meaningfully smaller. In agreement with the decrease of the 
twisting barrier in the SI state on going to a polar solvent (see 
above), aTm of 9-StPh is reduced to 113 of its value in n-hexane, 
while those of 1- and 3-StPh drop to negligible values in ace- 
tronitrile (55%). probably owing to the population of an isom- 
erizable upper triplet state (see below). 

Radical Pair Formation and Enhanced Transient Conductivity 
in the Presence of Amines. Complexes between excited aromatic 
compounds and electron donors in acetonitrile (dielectric constant 
B = 37.5) are generally considered to be nonemitting even though 
weak fluorescence has been reported for the pyrene-dimethyl- 
aniline system.I4 In fact, the formation of solvated ion pairs in 
polar solvents becomes a very important deactivation pathway of 
the excited complex. However, electron back-transfer from 
geminate radical ion pairs leading to the ground state cannot be 
excluded.20 A tentative model to explain the dynamics of the 
decay of CT complexes in polar solvents has been proposed by 
Mataga and c o - w o r k e r ~ ~ ~ * ~ '  in which the dissociated ions are 
formed from multiple ion-pair states in equilibrium with multiple 
exciplex states. 

For trans-stilbene-amine systems in acetonitrile Lewis and 
co-workers have suggested that the initial complex leads either 
to the olefin triplet (able to isomerize) or to the olefin anion."J8 

side.S.1 lc.19 

(19) Lazare, S.; Bonneau, R.; Lapuyade, R. J .  Phys. Chem. 1984.88, 18. 
(20) Gould, 1. R.; Ege, D.; Maser, J. E.; Farid, S .  J .  Am. Chem. Soe. 1990, 

(21) Hirata, Y.; Saito, T.; Mataga, N. J .  Phys. Chem. 1987, 91, 3119. 
I 12,4290. 

TABLE v: Spectral and Kinetic Roperties of the Radical Adoar of 
StPb's Roduced by Interaction with DEA (0.1 M) in Acetonitrile 

compd hu /nm 
1-StPh 490 sh, 580 2 2 
2-StPh 500 sh, 555 3 2 
3-StPh 525 3 1.5 
4-StPh 540 1 2 
9-StPh 480 sh, 580 1.5 2 

'Estimated error +20%%. 

t l , i /pS  10-'Okot/M-l S-' 

SCHEME I: Trans - Cis Photoisomerjzation of StPh's in 
Acetonitrile in the Absence of Additives; Pathways a, b, and c Refer 
to the Isomerization in S1, T,, and an Upper Triplet, Respectively 

For the StPh-amine systems in acetonitrile radical anions are 
expected to be formed via electron transfer from the amine as 
donor (D): 

'trans* + D - trans'- + Do+ (4) 
The absorption spectra of the radical anions of the five StPh's 
(A, = 353 nm) are shown in Figure 6. Their lifetimes are in 
the 1-3-ps range under our conditions (see Figure IC), and the 
rate constant for quenching by oxygen (Table V) is even larger 
than that for triplet quenching. Ion-pair formation is supported 
by the amine-enhanced amplitude of the conductivity signal 
(compare parts d and b of Figure l), appearing within the duration 
of the laser pulse for all the StPh's. 

Although the radical anions are diffusionally quenched by 
oxygen, both the amplitude and half-life of the conductivity signal 
are not markedly influenced by O2 concentration (results not 
shown). This behavior is explained in the following way. The 
decay kinetics of the ion pair are mainly determined by electron 
back-transfer from the trans'- to amine'+. The back-reaction in 
oxygenated acetonitrile involves, however, the 02'- radical anion, 
formed by the reaction 

trans'- + O2 - trans + 02'- ( 5 )  
Thus, trans*- (on optical detection) decays in the presence of 
oxygen faster than the electron back-transfer (on AK detection) 
occurs. 

When BrDMA is used as fluorescence quencher, the triplet is 
generally the main transient; its formation occurs at  the expense 
of the radical anion of the given StPh, whose absorption becomes 
quite low. 

The radical cations of the amines have only low extinction 
coefficients and are mainly overlapped by the absorption of the 
radical anions of the StPh's. However, the spectra of DER+ (A, 
= 460 nm, tl/2 N 3 ps) and BrDMA'+ (A,,, = 490 nm, t l p  = 
4 ps) could be detected in air-equilibrated solutions, i.e., after 
quenching reaction 5 .  The observed properties of DEA" are in 
agreement with the literature data.22 

In contrast to trans'+ (see k, in Table 111) are the corresponding 
radical anions not quenched by the ground state. On the other 
hand, the half-life of the conductivity decreases with increasing 
StPh concentration. This points to an interaction of the amine" 
with the trans ground state, thereby forming more stable charged 
species. 

(22) Orbach, N.; Ottolenghi, M. Chem. Phys. Lea. 1975, 35, 175. 
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Mechanism of Direct Trans - Cis Photoisomerization. The 
trans - cis photoisomerization of StPh's in nonpolar solvents has 
been reported to occur in the triplet manif~ld, ' .~ namely, via TI  
for 1-, 3-, 4-, and 9-StPh and via an upper excited triplet (trans**) 
for 2-StPh, where BT I O.OIS does not explain the high aC. A 
pathway via SI has been excluded owing to the high activation 
barrier which has to be overcome for the 'trans* - 'perp* ro- 
tational Among the five isomers the activation energy is smallest 
for 9-StPh: it is 9.5 kcal/mol in methylcyclohexane and 3.2 
kcal/mol smaller in ethanol.' It is conceivable that the activation 
barrier in acetonitrile is even smaller than the latter value. Hence, 
a pathway via SI (a, in Scheme I) may be opened. Indeed,'this 
is suggested for 9-StPh on the basis of the fluorescence, photo- 
isomerization, and intersystem crossing quantum yields (Tables 
I, 11, and IV). The pathway SI should reduce the competing 
fluorescence and intersystem crossing processes which is the case 
only for 9-StPh: @F in acetonitrile is roughly half the value in 
n-hexane (Table II), and (4 is only 0.12 compared to 0.32 (Table 
IV). This is also in line with a decrease of TF, taking into account 
that kF and klsc are practically unchanged in the two solvents. 
The aT value in acetonitrile accounts roughly for 20% of ac, 
indicating a minor contribution of the TI  pathway to the photo- 
isomerization. 

Instead of this mixed Sl /T ,  mechanism, for 4-StPh in aceto- 
nitrile the T I  route (b in Scheme I) as the main pathway is 
suggested since ( P p X  = 0.56 accounts for aC = 0.29. 

For the other three StPh's, aC values (Table 11) are practically 
the same in n-hexane and in acetonitrile, while aF and kF increase 
slightly on increasing polarity. For 1-, 2-, and 3-StPh the in- 
volvement of both TI  and SI in the trans - perp rotation is 
unlikely. The singlet route is excluded on energetic reasons as 
outlined above, and the route via the lowest triplet is ruled out 
since aT is in any case too low to account for CPc = 0.13-0.24 
(Tables IV and 11, respectively). Therefore, a contribution via 
an upper excited triplet (c in Scheme I) has to be considered as 
a main mechanism for trans - cis photoisomerization for these 
three isomers in acetonitrile at room temperature. The alternative, 
that the rotation around the double bond to about 90' occurs in 
a vibrationally excited state of TI ,  is equally possible. This state 
may be populated from an isoenergetic SI or T, state and may 
relax favoring a vibrational mode involving torsional coordinates. 
Trans - cis photoisomerization via upper excited triplet states 
has already been reported for stilbenes.23 

Concerning the effect of solvent polarity, the most relevant 
results concem the % values of 1-, 3-, and 9-StPh which are much 
lower in acetonitrile (Table IV) than in n-hexane. We suggest 
that for 2- and 4-StPh the mechanism (upper excited and lowest 
triplet, respectively) remains, while for 1- and 3-StPh the 
mechanism changes from T I  to an upper triplet on going from 
a nonpolar to a polar solvent. For 9-StPh, isomerizing via TI  in 
n-hexane, the involvement of SI (mainly) and T I  is evidenced in 
acetonitrile. 

Mechanism of the Amine-Induced Trans - Cis Photoisom- 
eriration. A comparison of the quenching of fluorescence and 
trans - cis photoisomerization for StPh's by amines in n-hexane 
showed that the former is more efficient than the latter. The 
particular trans isomer for a given amine and also the nature of 
the amine cause significant changes in the photochemical behavior. 
In some cases the amine quencher causes an increase of the 
isomerization quantum yield! In acetonitrile the characteristics 
of the complex between 'trans* and the amine change significantly 
and, in general, the photoisomerization is reduced (see Figures 
4 and 5 ) .  The quenching effect is particularly high with DEA 
and TBA, while an increase of isomerization quantum yield is 
observed for 1- and 3-StPh with BrDMA. In the presence of 
amines the experimental ac(D) values at any [D] can be con- 
sidered the sum of two contributions: the contribution of the free 
molecules, which becomes zero at high [D], and that of the 
quenched molecules isomerizing through the charge-transfer 
complex (aCE). The QIcE value is related to the concentration of 

Aloisi et al. 

~~ 

(23) GBrncr, H.; Schultc-Frohlinde, D. J .  Phys. Chem. 1979, 83, 3107. 

SCHEME 11: Trans --c Cis Pbotoisomerization of StPb's in 
Acetonitrile in the Presence of DEA, TBA, and BrDMA (For the 
Reaction Steps See Text) 

ltrans. + D  (i2 

quencher by two types of equations; both of them allow the 
photoisomerization quantum yield of the complex (a$'") to be 
determined by means of linear plots.4 

The behavior of stilbeneamine systems in a~etonitri le '~ is 
different than that observed for StPh's. In fact, while the @dim 
values for the latter systems (Table 11) are independent of the 
quencher concentration (linear plots of l /@ce vs 1/[D] were 
obtained) in the case of stilbene the quantum yield of complexed 
molecules decreases with increasing [D]. The authorsI7 explain 
this finding supposing a quenching of an intermediate for the cis 
isomer formation (probably an ion pair) by the amine in the 
ground state. 

The @,Clim values (for [D] - m) for the five StPh's in the 
presence of TBA, DEA, and BrDMA are reported in Table 11. 
In general, the values are indicative of a low efficiency for the 
complexed molecules to yield the cis isomer. In particular, the 
4-StPh-DEA and 9-StPh-DEA systems, for which the quenching 
of fluorescence is very similar to that of trans - cis photoisom- 
erization, aP,lim is zero, and hence they are completely unreactive. 
Sequence 1, 2, 3t in Scheme 11, i.e., complete electron transfer 
and back-transfer to the starting trans isomer, is suggested to 
account for the 4- and 9-StPh-DEA systems. 

Small aClim values have been obtained for StPh's and DEA or 
TBA systems throughout (Table 11). The fluorescence quenching 
is only slightly more efficient than the quenching of trans - cis 
photoisomerization. The results obtained spectrophotometrically 
(assuming that the final product is only a cis isomer) were checked 
by HPLC for DEA and TBA systems. These analysis are in good 
agreement with the optical results, indicating negligible adduct 
formation; Le., bimolecular reactions involving the amine radical 
cation lead essentially to the trans and to a small extent of the 
cis isomer. The nonradiative processes that do not lead to isom- 
erization are the prevailing decay pathways of these complexes 
in acetonitrile. 

It is to be noted that this behavior differs from that of the 
trans-stilbene-tertiary amine systems. In polar, aprotic solvents 
addition and reduction products formed in low yield through an 
a C-H or N-H homolysis of the tertiary amines, respectively, 
were found.I7 For styrylnaphthalenes it has been shown that these 
photoreactions can be neglected because of high values and 
the low amine concentration used.24 

The transients identified in the presence of DEA (and TBA) 
are the radical anions of the StPh's (Table V) and the radical 
cations of the amines (see above). If we consider the low aClim 
values measured, the recombination of the ions does probably not 
produce the olefin triplet with high efficiency. This is also in 
contrast with the findings reported for the stilbeneamine system.17 

The results with DEA (except for 4- and 9-StPh, see above) 
and TBA in Table I1 indicate that roughly 10% of the excited StPh 
molecules undergo twisting around the double bond. It is likely 
that the amount of triplet responsible for the photoisomerization 

(24) Aloisi, G. G.; Bartocci, G.; Favaro, G.; Mauucato, U. J .  Phys. Chem. 
1980, 84, 2020. 
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to the cis isomer is produced either before the ion-pair formation 
(pathways 4 plus 5c or 6 plus 7c in Scheme 11) or in the recom- 
bination process (sequence 1,2,  and 3c). In any case, we found 
no direct evidence for ISC through such pathways. For TBA, 
this can be due to the similarity of the triplet lifetime and the 
radical anion half-life and to the prevalence of the absorption of 
trans'-, eventually hiding the T-T absorption. For the 1-, 2-, and 
3-StPh-DEA systems, the failure in triplet detection is not sur- 
prising since aTmrx is negligible also in the absence of amines 
(Table IV). In these systems the involvement of an upper triplet 
state (pathway 6 plus 7c) is invoked to explain the acIim values. 

The complexes of the StPh's with BrDMA in acetonitrile show 
CgZm values which are smaller (4- and 9-StPh), similar (2-StPh), 
or even higher (1- and 3-StPh) than those of the unquenched 
molecules (Table 11). The prevailing transient is the triplet 
(pathway 4 in Scheme II), even though the radical anion (pathway 
2) is also observed. For the 1-, 2-, and 3-StPh ISC is substantially 
enhanced (pathway 4); values of 40450% are expected from aCh 
in Table 11. The triplet states of 4- and 9-StPh should be less 
reactive than those of 1-, 2-, and 3-StPh. A similar although less 
pronounced behavior has been reported for 4-StPh in n-hexane 

where the presence of BrDMA leads to an enhanced ISC and to 
a quenching of photoisomerization? 

values, especially with BrDMA, are in general much 
higher in n-hexane4 than in acetonitrile. The substantial difference 
of the StPh behavior in the two solvents is explained by comparing 
their transient features. The only observable transient with 
BrDMA (and TBA) in n-hexane' is the triplet state of the StPh's. 
The aTTmaX values are close to unity for the brominated amine (and 
0.5-1 for the aliphatic one). In acetonitrile the behavior depends 
more markedly on the presence of the heavy atom in the quencher 
regarding both the isomerization efficiency and the observable 
transients. In general, the nonradiative processes that do not lead 
to the cis isomers are the prevailing decay pathways of these 
StPh-amine complexes. 
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In a study devoted to proton-assisted intramolecular electron transfer (IET) in multiheme cytochromes (an alternative to 
through-space IET), the possibility that the peptide bond takes up an oximine form at least for a very short time has appeared 
to be critical. Therefore, a detailed quantum mechanical study of the time-dependent aspects of the tautomerism of the 
peptide bond has been carried out, using the formamide dimer as a test model. The surprising conclusion is that, due to 
the rapid decrease of the lifetime of the oximine form when the H bridge length decreases, it is the N-O bridge vibration 
that determines the return to the stable amine form. Thus, the in situ lifetime of the oximine form is ca. 0.2 ps. An interesting 
generalization of this result is that proton relay processes (whether assisting IET or not) are time controlled by the slow 
H bridge vibration. 

1. Introduction 
Proton and electron tunneling are two important features of 

biochemical processes.'-3 Certain intramolecular electron-transfer 
(ET) processes taking place in large enzymes may be realized by 
a combination of both kinds of tunneling provided some enol-keto 
tautomerism of the peptide bond is assumed.' This assumption 
presupposes a satisfactory answer to the folllowing question: are 
there circumstances under which the enol (oximine) form of the 
peptide bond is observed, and, if not, on what grounds can it be 
postulated in the elementary processes under consideration? 

This paper contains an analysis of the above question. Its four 
parts a r t  devoted to (i) explaining in more detail how the general 
problem has arisen, (ii) showing that the answer hinges on the 
possibility that the oximine form may be a transient form having 
a sufficiently long (but not too long) lifetime, (iii) describing the 
quantum mechanical utilities needed for handling the quantitative 
aspects of the problem, and (iv) specifying the elementary steps 
of the isomerization mechanism and reporting lifetime estimates. 

2. Proton- Assisted Inner-Shell Electron Transfer 
Electron transfer is usually classified into inner-shell and 

outer-shell ET.' The general theoretical features of outer-shell 

To whom correspondence should be addressed. 
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ET (i.e., essentially, solvent-mediated ET) have been extensively 
studied.+" Inner-shell ET takes place within a well-defined 
structure and may be treated along similar lines, but precise 
assumptions concerning its mechanistic and structural details are 
mandatory. This holds especially for intramolecular ET, which 
is an interesting possibility in biological macromolecules such as 
multiheme  cytochrome^,'"'^ as well as in recently discovered 
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