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We have recently reportédn a new and efficient pathway to
hydrated electronse],) under laser flash photolysis conditions,
which is shown in Chart 1. The characteristic feature of this two-
photon ionization is that the second photon is not absorbed by
an excited singlet or triplet state of the substrate but by a radical 2
ion produced by electron-transfer quenching of that state. One
reason for the efficiency of this mechanism is the longer life of 0
radical ions compared to that of excited states. The photophysics - s
and photochemistry of radicals or radical ions in solution have 0 2 4 6 8 10 12 14 16 18
received continuous attention over the last decades. Figure 1. Two-color two-pulse laser flash photolysis in the system

In the experiments of ref 1, the two photons were absorbed 4-carboxybenzophenonef/triethylamine (CB/TEA) in aqueous solution.
during the same laser flash. It is evident that this puts severe Experimental conditions2, = 308 nm,l; = 4.8 mJ/pulsed. = 387.5
constraints on the chemistry of the systems, above all because'm, I> = 1.6 mJ/pulse, 12.&s delay between the pulses, pulse widths
rate constants and quencher concentrations must be chosen to yield0 ns, [CB]= 8.13 x 10° M, [TEA] = 5 x 1073 M, pH 12, 1000
a sufficient concentration of radical ions within some 20 ns, the transients averaged. Tofops = 650 nm. Bottom: Aops = 800 nm. The
duration of a typical excimer laser pulse. Detailed investigation NSet at the top shows the outcome of the same experimgatt 650
of the ionization proper is impossible in this way because only "M but with the solution saturated with,®.
the combined effect of the whole reaction sequence is observableChalrt 1
Much more specific information is accessible by two-pulse
experimentg¢9h! je.. when the two excitation steps are ° ot
separated in time and can be carried out at different wavelengths. &E_T%
This approach is pursued in the present work.

Figure 1 shows experimental examples for the system 4-carb- A A
oxybenzophenone/triethylamine (CB/TEA) in water at pH 12. For
clarity, Table 1 lists the relevant reactions with their rate constants.

The first laser pulse (at 308 nm) excites the ketone. The fast hy by
rise of the 650-nm absorption (top trace) following this pulse is A
due to CB~, which is produced almost quantitatively within 400
ns through electron-transfequenching ofSCB by TEA (see
reactions la and 1b in Table 1). At the pH value of our
experiments, the reversible protonation equilibrium betweermrCB  Taple 1.
and the neutral ketyl radical CBHreactions 2a and 2b) lies far
to the side of CB". Hence, CBFineed not be considered under
our experimental conditions.

The subsequent slow growth of the 650-nm absorption is caused!@ ‘CB~—~CB o~ .
by secondary reactions of the quencher-based radicals: Thezg gBB_++TE'°(‘)1%|3‘3H,+ JES_
initially formed radical cations TEA are deprotonated (reaction CBH + HZO, —CB™ + H,0
3a), yieldinga-aminoalkyl radicals TEA the latter are strongly TEA*+ — TEA® + H+

" TEA + CB — iminium cation+ CB*~
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Relevant Reactions in the System
4-Carboxybenzophenone/Triethylamine (CB/TEA) and Their Rates

reaction rate constant

1/(5.3us)

11x 1P M 1s?
25x 1PM-1sla
8.7x 1°PM-1s1a
3.3x 10510
3.4x 1P M 1s1b

2.2x 101°M~1st
8.7x 1°M1stc
1.1x 1000M-1gtd
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reducing specieswhich undergo electron transfer with ground-
state CB (reaction 3b) to give CBand an iminium cation. Both

of these processes take place on a microsecond time scale under

the experimental conditions of Figure® 1Neither the iminium
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cation nor its decay produd\,N-diethylvinylamine, which is times on the average during the second laser pulse, no indication
stable for several seconfigossesses an absorption above 300 of saturation was found. Hence, deactivation of excited CB
nm. must be considerably faster than 10 ns. From the amount of
At the moment of the second flash (128 after the first one), electrons formed and the amount of light absorbed, the quantum
TEA-* has thus been consumed almost completely. In any case,yield of ionization of excited CB was estimated to be about
the amine-derived species do not absorb significantly at the 0.05°
wavelength chosen for that pulse (387.5 nm); neither does the The standard electrode potential of the hydrated electron is
starting ketone. However, CB can be excited by it. The 277 v8 and that of the couple (CB/CB is —1.13 V1!
formation of hydrated electrorg, by the second pulse mani-  Thermodynamically, ionization of CB would thus be feasible
fests itself by a transient absorption at 800 nm (bottom, Figure up to about 750 nm. To obtain information about which electronic
1), and also in the 650-nm trace (top) becagiepossesses a  state of CB™ can be ionized, the wavelength of the second laser
larger extinction coefficient at that wavelength than doesTCB  pulse was varied. No hydrated electrons were observed when
Variation of the reactant concentrations indicates that the the long-wave absorption band (maximum at 650 nm) was excited
subsequent rapid decrease of the electron signal is caused by that 580 nm, althougless; s and esgo of CB*~ differ by less than
reaction betweere,, and CB (reaction 4), for which a rate 10% and the laser intensity at 580 nm was higher than at 387.5
constant of 2.2x 101° M~ s is obtained. That, decays nm. When the second laser was operated at 480 nm, which is

predominantly through this channel is corroborated by the fact the onset of that absorption band, no electrons were detected

that the 650-nm absorption falls back to exactly the same level €ither; this experiment, however, had a lower sensitivity because
as before the second pulse. for CB*~ e4g0is only about one-fifth ozg75 On the other hand,

The maximum concentration k- is found to be 2.5« 106 387.5 nm, where photoionizatio_n is pronounced, is prgctigally the
M from the known extinction cgléqﬁicientegoo = 14 000 M1 edge of the short-wave absorption band of CBThese findings
seem to indicate that ionization cannot occur from the first excited

1) 8 i ~Bi ' i
cm). . The degree Of conversmn_of CB'mO €qq CAN be easily doublet state of CB, whereas it is feasible from the second one.
determined by saturating the solution with® which scavenges Photoionization of the quencher-derived radical TEAISt be

€, quantitatively within the duration of the laser pulse (reaction even easier thermodynamically becane®® for electron transfer
5a). This experiment is shown as inset at the top of Figure 1. from TEA" to CB is negative. Moreover, at 308 nm. the

That N;O does not react witPCB, CB~, TEA**, or TEA® follows ; . = - 1
from the observation that the concentrations of C& any time a&??)”;’“g';] ?JGZEA;SU%%;OPhgeer un:s%ill?r;bﬁi;(geog v_vhitsr?eor"bwg A
up to the second laser pulse are identical in the measurementg” . 7. . g ! q

e ionized in addition to CB. Single-flash measurements, as

with and without NO. From the transient dip in this trace, it were performed in ref 1 for svstems such as 1 5-anthraguino-
can be directly concluded that 13% of the radical anions are ep y T ' 4
nedisulfonate/TEA, do not allow a distinction. However, an

photoionized by the second laser pulse despite its small eNer9Y-answer can be obtained with the two-pulse scheme of this work,

Interestingly, the decay time of this dip is identical within
experimental error to the rise time of the above mentioned slow when .bOth _Iaser pL_JIses are set to 308 nm and the delay between
them is varied. With a long delay, no TE& present anymore,

growth of CB~ on a microsecond time scale, and essentially the o
same final value of the absorbance is reached in the experiments© €q €an only stem from CB. After 2—3 us on the other
with and without NO. This is readily explained when one hand, the ratio [TEA:[CB*"] has reached its maximum value of
considers that PO convertse,, into the radical anion HO 0.2 under the experimental conditions of Figure 1. By control
which is immediately scavenagqed by TEA to give TEfsee experiments, it was ensured that for given intensity of the second

reactions 5a and 58).As before, the latter then reduces ground- 'aser pulse the amount of,, is linearly dependent on the
state CB to its radical anion. concentration of CB, which holds because the samples are

As seen in the bottom trace, a small amounteg is also optically thin and saturation effects are absent. Comparison of

produced by the first laser pulse, about a fifth of that resulting '€ traces obtained with long and short delays shows that the

from the second pulse. Control experiments without TEA bear Intensity ratio of g ] in these two cases cannot be accounted
out that this is not due to photoionization 8€B but to for by photoionization of CB™ alone; photoionization of TEA

photoionization of CB- formed during the 308-nm pulse. This also pgrticipates with a quantum yield that is estimated to be about
can occur because at the concentrations employed some 15% op0% higher.
3CB are quenched during that pulse, the extinction coefficient of ~ These examples demonstrate that the two-pulse scheme yields
CB*~ at 308 nm is more than one-half of that at 387.5 nm and considerably more information about photoionization via the
the intensity of the 308-nm pulse is three times higher than that absorption/electron-transfer/absorption pathway than do single-
of the 387.5-nm pulse. On the other hand, these results showflash measurements. It is obvious that the combination of this
that photoionization of the radical anion is much more efficient method and this mechanism should also provide a convenient tool
than its photoionization of the triplet despite the fact that at 308 for the generation o€, in a time-resolved experiment, which
nm the extinction coefficient ofCB lies above that of CB. can be tailored to a particular application by choosing appropriate
Although under our experimental conditionsX8L0' photons quenchers, concentrations, wavelengths, and delay times. Com-
cm2 at 387.5 nm) every molecule of CBis excited about two pared to pulse radiolysis, this method possesses the advantages
(5) Fits of the experimental traces to the pertaining reaction scheme gave (Nt optical absorption is more specific than is absorption of
rate constants of 3.3 10° s™* and 3.4x 10° M~'s™! for the transformation ionizing radiation, that homogeneous distributions GZH are

TEA*t — TEA' and the reduction of CB by TEArespectively. As the final ; ; ;
absorbance of CB s noticeably smaller than twice the value of the absorbance obtained, and that the large number of potentially reactive

immediately after quenching 8€B, additional decay channels of TEAor intermediates produced by radiolysis is avoided. This should
TEA-" or both must exist, which are contained in these apparent rate constants.considerably reduce the complexity of reaction systems investi-
(6) Goez, M.; Rozwadowski, J.; Marciniak, B. Am. Chem. Sod.996 gated in this way.
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Amino, Nitroso and Nitro Compounds and their Detives, Part 1 Patai, (10) Measuring the quantum yields relative to a standard was not necessary
S., Ed.; Wiley: New York, 1982; pp 623714). because of the well-defined geometry of the excited volume (collinear
(8) Spinks, J. W. T.; Woods, R. An Introduction to Radiation Chemistry excitation beams of rectangular profile) and the fact that the samples are
John Wiley & Sons: New York, 1976. optically very thin.
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