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Abstract

The 266 nm photoionization of aqueous tryptophan (Trp) solution at natural pH has been studied by laser flash photolysis using 3–18 mJ,
7 ns, 266 nm pulses. The transient absorption method was employed to detect hydrated electrons. The photoionization mechanism is a
combination of mono and biphotonic processes. Results from measurements of the power dependence of photoionization and of triplet (T1)
state production suggest that both processes involve the same one-photon and two-photon singlet intermediate state. The hydrated electron
yield increases with temperature, and this can be attributed primarily to the monophotonic photoionization component. Hydrated electrons
decay by a non-exponential rate law that is consistent with a decay mechanism involving their bimolecular scavenging by tryptophan
radical cations with a rate constant of (7.2±0.6)×1010 M−1 s−1. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The photodegradation of tryptophan plays an important
role in the UV induced inactivation of proteins, and a major
tryptophan photodegradation pathway involves photoioniza-
tion [1–5]. For this reason the photoionization of aqueous
tryptophan [6–10] and of its chromophore (indole) [11–18]
has been widely investigated. In early electron scavenging
experiments employing conventional continuous wave (CW)
mercury and xenon lamps the single-photon ionization of
indole and tryptophan was reported for wavelengths shorter
than 275 nm [6,11,12]. Several, more recent experiments
employed 266 nm excitation together with transient absorp-
tion detection of the hydrated electrons. Bent and Hayon,
in an early 266 nm laser photolysis experiment [7], using
20–25 mJ, 15 ns pulses reported that tryptophan undergoes
primarily one-photon photoionization with a small bipho-
tonic contribution. In these experiments, the laser beam and
the analyzing beam were perpendicular. Later, Lachish et
al. [9] reported that with low intensity, 266 nm, 20 ns, 2 mJ
laser pulses tryptophan photoionization occurs primarily via
a two-photon process. In these experiments, the laser beam
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and the analyzing beam were collinear. Grossweiner et al.
[17] employing a perpendicular configuration, and a com-
bination of 265 nm, 17 ns, 20 mJ with 530 nm, 17 ns, 60 mJ
laser pulses found that the 266 nm photoionization is en-
hanced by excited state absorption of 530 nm photons. Other
two-pulse experiments, using the perpendicular configura-
tion and combinations of 266 with 353 or 530 nm photons
at low energies (1.2 to 1.7 mJ pulses of 1 to 20 ns dura-
tion), support the conclusion that at low laser power both
monophotonic and biphotonic tryptophan photoionization
occurs [10].

An interesting and controversial feature of tryptophan and
indole photoionization is the reported increase of the pho-
toionization quantum yield (φe−) with temperature in the
range 10 to 80◦C. As first reported by Feitelson [11], in a
CW electron-scavenging experiment using 254 nm excita-
tion, a 3-fold increase ofφe− for indole occurs as the tem-
perature increases from 10 to 45◦C. Similar results for indole
and tryptophan were obtained by Bent and Hayon in subse-
quent 266 nm laser experiments [7] in which photoioniza-
tion was monitored by measuring the transient absorbance
of hydrated electrons at 720 nm. For tryptophan, the increase
of φe− with temperature was confirmed by Robbins et al.
[8], in an investigation of the temperature dependence of
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the fluorescence decay kinetics of aqueous tryptophan as
a function of temperature. In the combination of one- and
two-photon photoionization mechanisms reported by Gross-
weiner et al. [17] the quantum yield for one-photon pho-
toionization was found to increase with temperature. More
recent results [19,20] from 240–320 nm picosecond laser
measurements of the temperature dependence of the fluores-
cence quantum yield of indole have cast doubt on the earlier
observations of the temperature dependence ofφe− [7], us-
ing the argument that the temperature increase of the indole
photoionization quantum yield may be due to an increase in
the ground-state absorbance with temperature.

In addition to questions concerning whether 266 nm laser
photoionization of tryptophan is a one- or two-photon pro-
cess, and whether the photoionization quantum yield in-
creases with temperature, a third area of interest involves the
kinetics for decay of the solvated electrons produced by pho-
toionization. Femtosecond laser kinetic investigations [16]
of indole at 260 nm demonstrated that over time ranges as
large as 100 ps there was no observable decay of solvated
electrons formed in the photoionization process, indicating
that geminate recombination is insignificant on this time
scale.

The goals of the present investigation are: (a) to further
compare and quantify the one-versus two-photon ionization
of tryptophan by nanosecond pulsed laser experiments at
266 nm, (b) to review the temperature dependence of the
photoionization quantum yield and (c) to examine the de-
cay kinetics of the hydrated electrons formed via photo-
ionization.

2. Materials and methods

l-Tryptophan MicroSelect grade was obtained from Fluka
and used as received. Corning mega pure system MP-1 pro-
vided doubly distilled water for all solutions. Absorption
spectra were measured on a Perkin Elmer Lambda 6 spec-
trophotometer and on a Hewlett Packard 8452A diode array
spectrophotometer equipped with a Hewlett Packard 89090A
thermostat. The tryptophan solutions were unbuffered and
had a natural pH 5.9.

Flash photolysis of aqueous solutions was carried out at
room temperature in a 1 cm cuvette, which in most cases was
a flow-through type. Before photolysis, 100 ml of each so-
lution was bubbled with Ar gas (itself purged of oxygen by
bubbling through chromous chloride and potassium hydrox-
ide solutions) for at least 30 min to remove oxygen. The irra-
diating source was the unfocused 266 nm beam of a Surelite
Nd-YAG laser of 7 ns nominal pulse width. For determining
time-resolved absorption spectra, the light monitoring sys-
tem consisted of a 75 W Xe arc lamp (Photon Technology
International), pulsed by a laser diode driver (Analog Mod-
ules). The 266 nm laser pulse was reflected into the sample
cuvette using a dichroic mirror transparent to the analyzing
beam so that both beams were as nearly collinear as possi-

ble. After leaving the sample, the analyzing light beam was
admitted to the entrance slit of a monochromator (Photon
Technology International), equipped at the exit slit with a
Hammamatsu R936 photomultiplier, which has extended
red sensitivity. The photomultiplier signal was captured and
processed by a Hewlett Packard 54510 oscilloscope, and
stored on computer disk, via National Instruments’ LabWin-
dows software, for later processing. Time-resolved spectra
were obtained by capturing single-shot signals at a series
of wavelengths and storing and processing the absorbances
at predetermined delay times after the flash. For sensitive
monitoring of the electron decays, a 5 mW, 670 nm diode
laser (Thorlabs) was substituted for the arc lamp in order to
obtain signals with highS/N ratio. Power studies of various
transients were accomplished by capturing sample transient
signals at varying laser power supply voltages and compar-
ing their amplitudes to the maximum 670 nm absorbance in
0.001 M sodium ferrocyanide, (Na4Fe(CN)6), which pho-
toejects hydrated electrons monophotonically at 266 nm
with a known quantum yield of 0.52 [21]. Shot-to-shot
intensity stability was maintained by simmering the laser
flashtube at 1 Hz. No correction for the partial absorp-
tion of laser pulses was necessary for either tryptophan
or ferrocyanide solutions. In both cases, the absorbance at
266 nm was 2.0, ensuring that more than 99% of all pho-
tons were absorbed. Transient signals for kinetic analysis
were in most cases obtained by taking the average of three
shots.

3. Results and discussion

3.1. One- and two-photon ionization

Fig. 1 shows absorbances (ATrp) measured at 670 nm and
23.6◦C, for hydrated electrons formed in the 266 nm laser
photoionization of 5×10−4 M tryptophan. The laser energies
are represented by the absorbances (ANa4Fe(CN)6) at 670 nm
of electrons produced in the monophotonic photoionization
of a 0.001 M sodium ferrocyanide solution [21]. Values of
bothATrp andANa4Fe(CN)6 were obtained from transient ab-
sorption signals extrapolated to zero delay time. The nonlin-
earity of the curve in Fig. 1 provides evidence that the elec-
tron is produced at least partially by a biphotonic process. If
both one- and two-photon ionization occurs then the electron
absorbance should have two components: one proportional
to ANa4Fe(CN)6 and another proportional toA2

Na4Fe(CN)6
such

that,

ATrp = αANa4Fe(CN)6 + βA2
Na4Fe(CN)6

(1)

A least squares fit of Eq. (1) to the data in Fig. 1 results in
values of 0.072 and 0.374 forα andβ, respectively. Since
the net photoionization quantum yield (φnet) is given by

φnet = φ1 + φ2 (2)
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Fig. 1. Plot of the absorbance of hydrated electrons produced from 266 nm laser photoionization of 5×10−4 M tryptophan vs. the laser pulse energy
measured as the 670 nm absorbance of electrons produced from monophotonic ionization of 0.001 M sodium ferrocyanide. The solid line is a least-squares
fit to Eq. (1). Inset: plot of the quantum yield for hydrated electron production vs. the energy of the laser pulse, with linear regression line.

where φ1 and φ2 are the quantum yields for mono- and
biphotonic photoionization, respectively, and since the quan-
tum yield for photoionization of ferrocyanide is 0.52 [21],
the value ofα can be used to calculate the monophotonic
yield, φ1=0.52α. This results in a monophotonic quantum
yield at 23.6◦C of 0.037±0.009, which compares favorably
to 0.04 obtained by Finnström et al. [10] for tryptophan
at approximately the same temperature. The inset to Fig. 1
shows the linear dependence ofφnet on the laser energy

By employing the relationship

φnet = 0.52
ATrp

ANa4Fe(CN)6

(3)

together with aφ1 value of 0.037, and Eq. (2), the percentage
of electrons observed from one-photon ionization can be
estimated as a function of laser power. These values are given
in Table 1. The results indicate that, as the power increases
from 2.8 to 18.4 mJ, the percentage of electrons produced
via one-photon photoionization decreases from 85 to 15%.

Table 1
Percentage of electrons formed via one-photon 266 nm tryptophan
photo-ionizationa

Laser energy (mJ) Percent

2.8 85
3.6 54
5.9 40
8.4 29
8.5 28

10.6 22
13.4 19
18.4 15

a Measured with collinear excitation and absorption optics at 25◦C,
See text.

The relative contribution of one- versus two-photon pho-
toionization depends heavily on the experimental configu-
ration. If the analyzing beam is at right angles to the laser
beam, a double logarithmic plot of electron absorbance ver-
sus laser intensity has a smaller slope than if the analyz-
ing and laser beams are collinear. This can be explained in
terms of differences in the photoionization sampling regions
associated with the two configurations. As the laser beam
is attenuated when it passes through the solution, bipho-
tonic photoionization decreases nonlinearly along the path.
In the perpendicular configuration, the analyzing beam sam-
ples photoionization at some distance from the irradiated
face of the cell, whereas in the collinear experiment, the an-
alyzing path is essentially the same as that of the laser beam
such that more biphotonic events are sampled than in the
perpendicular configuration.

3.2. Temperature dependence

Fig. 2 contains a plot of 670 nm absorbance versus temper-
ature (closed squares) for hydrated electrons formed via pho-
toionization of 5×10−4 M tryptophan with 2.4 mJ, 266 nm
pulses. The figure also shows the temperature dependence
of the 266 nm absorbances of 5×10−4 M tryptophan (closed
circles) and 3.2×10−4 M indole (open squares). Finally, Fig.
2 contains data (closed triangles) showing that the extinction
coefficient of the hydrated electron at 670 nm decreases with
temperature [22]. For tryptophan, the results indicate a sub-
stantial increase of hydrated electrons occurs in the tempera-
ture range, 11 to 82◦C, while the 266 nm absorbance remains
essentially constant. For indole, the 266 nm absorbance de-
creases slightly with increasing temperature. These results
demonstrate that the increase in the 266 nm photoioniza-



162 K.L. Stevenson et al. / Journal of Photochemistry and Photobiology A: Chemistry 133 (2000) 159–167

Fig. 2. Plot of 670 nm absorbance (j) of electrons formed via photoionization of 5×10−4 M tryptophan with 266 nm, 2.4 mJ pulses vs. temperature.
Absorbance measurements correspond to the initial intensity obtained by extrapolation of the transient absorbance signal to a delay time of 0. Absorbance
of 5×x10−4 M tryptophan (d) and 3.5×10−4 M indole (h) at 266 nm vs. temperature. The figure also shows a plot of the extinction coefficient (m) of
the hydrated electron at 670 nm vs. temperature. The scale for the 670 nm absorbance of solvated electrons formed from tryptophan photoionization is
given inside the border on the left. The scale for the 266 nm absorbances of tryptophan and indole is given outside the border on the left. The scale for
the 670 nm extinction coefficients of solvated electrons is given on the right. The solid lines are guides for the eye.

tion quantum yield of tryptophan, and that reported earlier
for indole [7], are not due to increases in absorbance with
temperature.

A series of power studies was carried out at different
temperatures from 13.6 to 75.5◦C so that the parameterα,
could be determined as a function of temperature from fits
to Eq. (1). The results in Fig. 3, corrected for the change
in the electron extinction coefficient with temperature, indi-
cate that the monophotonic quantum yield increases about
fivefold in this temperature range, essentially accounting for

Fig. 3. Quantum yield of monophotonic, 266 nm photoionization of 5×10−4 M tryptophan as a function of temperature. The solid line is a guide for the eye.

the temperature effect observed in Fig. 2. These results are
consistent with the earlier report [17] that, while trypto-
phan photoionization has both mono- and biphotonic com-
ponents, it is the monophotonic step that is temperature de-
pendent. Furthermore, the observation that tryptophan and
indole fluorescence decrease in the same temperature range
[8,11] is consistent with the conclusion that the excited sin-
glet state S1, produced by one-photon absorption is the pre-
cursor of the hydrated electron. It has been suggested [10]
that S1 is also the primary source of the biphotonic electron



K.L. Stevenson et al. / Journal of Photochemistry and Photobiology A: Chemistry 133 (2000) 159–167 163

Fig. 4. Transient absorption spectra of 5×10−4 M tryptophan measured after irradiation with 266 nm, 18 mJ pulses. Spectra measured at delay times of
40 ns (d), 100 ns (s), 400 ns (.), 1000 ns (5), and 1700 ns (j) are shown. The 40 ns spectrum has been truncated due to noise in the 300–400 nm
region generated by ringing from fluorescence.

ejection, based on studies in which excitation pulse widths
were varied [7,10]. This mechanism is consistent with the
results described below.

3.3. Transient species

Fig. 4 shows transient absorption spectra obtained from
5×10−4 M tryptophan at natural pH 5.9. Most of the fea-
tures of these spectra have been characterized previously by
other groups, including: (1) the hydrated electron which has
a maximum absorption in the 700–720 nm region [23], (2)
a 420 nm absorbing species identified as a triplet state, T1
[7], (3) a 460 nm absorbing species, particularly visible at

Fig. 5. Transient absorption spectra of 5×10−4 M tryptophan containing 1×10−3 M HCl, measured after irradiation with 266 nm, 18 mJ pulses. Spectra were
obtained at delay times of 40 ns (d), 100 ns (s), 400 ns (.), and 1700 ns (5) are shown. Truncation of the 40 ns spectrum is the same as that in Fig. 4.

the longest delay time, assigned as another triplet, T2 [7],
and (4) a small shoulder or peak at 580 nm associated with
the tryptophan cation radical, Trp•+, [24–27] formed with
the electron via photoionization. The results indicate that
the Trp•+ absorption is most prominent in the 40 ns spec-
trum, which also has the highest electron absorbance, but
disappears when the electron has completely decayed. This
suggests that a major decay pathway for the two species is
recombination,

Trp•+ + e−
aq → Trp (4)

The importance of recombination is confirmed by the results
in Fig. 5, which shows transient spectra taken in 5×10−4 M
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Fig. 6. Double logarithmic plots of tryptophan fluorescence intensity and initial absorbance of transient species formed via excitation of tryptophan
vs. absorbance of hydrated electrons formed in 10−3 M Na4Fe(CN)6. Tryptophan excitation measurements were carried out at 5×10−4 M tryptophan
in 10−3 M HCl with 266 nm laser pulses of varying energy. The absorbance of hydrated electrons from Na4Fe(CN)6 was measured at 670 nm. For
transient species formed via tryptophan excitation the plots show (d) absorbance at 670 nm, slope=1.46 (hydrated electron); (s) fluorescence at 420 nm,
slope=0.824 (S1); (m) absorbance at 420 nm, slope=1.50 (T1); and (j) absorbance at 580 nm, slope=1.70 (Trp+).

tryptophan at pH=3, where 82% of the tryptophan, with a
pK1 of 2.28 [28], exists as the zwitterion. Under such acidic
conditions electron decay occurs primarily through proton
scavenging,

H+ + e−
aq → H• (5)

This occurs much faster than recombination so that decay of
Trp•+ is slowed and its absorption at 580 nm persists after
electron decay is complete.

To determine which species are involved in two-photon
ionization, a power study was made on 5×10−4 M trypto-
phan at 25◦C and pH 3 and at several wavelengths. In these
experiments, the initial absorbances (0-time) at 670, 580, and
420 nm, and the maximum fluorescence emission intensity
at 420 nm, were measured at varying 266 nm pulse energy.
Fig. 6 shows double logarithmic plots of the resulting ab-
sorbances or fluorescence intensities. A consideration of the
slopes of the plots in Fig. 6 leads to several conclusions: (1)
The electron (slope, 1.46) and the radical cation (slope, 1.70)
are both formed via mechanisms with a two-photon compo-
nent, and Trp•+ formation has a greater biphotonic cross sec-
tion than electron formation. The greater two-photon char-
acter associated with Trp•+ formation is possibly due to
another reaction besides electron ejection from the zwitte-
rion, such as hydrogen atom ejection from the cationic form
of tryptophan. (2) The T1 species (slope, 1.50) is formed
biphotonically to the same extent as the electron, suggest-
ing a common precursor. (3) The fluorescence (slope, 0.82)
is less than monophotonic providing evidence that the ex-
cited singlet S1 is deactivated at higher light intensities and
is the species absorbing the photon resulting in two-photon
photoionization and T1 formation.

The following mechanism is consistent with these obser-
vations:

S0 + hν → S1 (6)

S1 → Trp•+ + e−
aq (7)

S1 → S0 + hν (8)

S1 → T1 (9)

S1 + hν → S2 (10)

S2 → Trp•+ + e−
aq (11)

S2 → T1 (12)

Reaction 10 is the biphotonic step, for which the results in
Fig. 6 indicate a common intermediate, designated S2. This
mechanism is different from one proposed earlier [17] in
which two-photon ionization occurs at 265 nm via an inter-
mediate state that is not S1. Earlier investigations of indole
and tryptophan monophotonic photoionization provide con-
flicting evidence [25] concerning vibrational excitation in
the intermediate S1 state. It is uncertain whether ionization
to the water conduction band occurs from the ground vibra-
tional level of S1 [29,30] or from vibrationally excited states
within the S1 manifold [6,12,17]. The present results do not
discriminate between these possibilities

3.4. Electron decay

Fig. 7 contains logarithmic plots of absorbance versus
time. The figure compares the decay of the hydrated electron
formed via photoionization of 5×10−4 M tryptophan in solu-
tion without acid (pH=5.9) to that in solution with 0.001 M



K.L. Stevenson et al. / Journal of Photochemistry and Photobiology A: Chemistry 133 (2000) 159–167 165

Fig. 7. Plot of the logarithm of 670 nm absorbance of hydrated electrons vs. time for photoionization of 5×10−4 M tryptophan (4) at a pH of 3, and (s)
at a natural pH of 5.9. Calculated plots for electron decay are shown for comparison for the hypothetical situations (---) if the only electron scavenger
were proton at pH 5.9 (k=2.3×1010 M−1 s−1), and (—) if the only electron scavenger were neutral tryptophan (k=3×108 M−1 s−1).

HCl (pH=3). At pH 3, where the primary electron scavenger
is H+, the plot is linear and the decay is pseudo first-order.
The slope of this plot (2.5×107 s−1) should be equal to
k [H+], yielding a value for the second-order H+- elec-
tron scavenging constantk of 2.5×1010 M−1 s−1 which is in
agreement with the accepted value of 2.3×1010 M−1 s−1 at
25◦C [31].

At natural pH, the results in Fig. 7 are nonlinear sug-
gesting that the electron decay may be described by a
second-order rate law, consistent with the bimolecular re-
combination of Eq. (4). We have added simulated decay
curves of the electron in this solution for the two hypotheti-
cal situations where proton at pH=5.9 is the only scavenger
(k=2.3×1010 M−1 s−1), and where neutral Trp is the only
scavenger (k=3×108 M−1 s−1 [27,32–34] ), indicating that
neither of these could account for the rapid electron decay
observed. Since Trp•+ and e−aq must be formed in equal
amounts by the laser pulse according to Eqs. (7) and (11),
if the only electron-scavenging reaction were recombina-
tion then the decay should follow the simple second-order
integrated expression,

1

[e−
aq]

− 1

[e−
aq]0

= kt (13)

where [e−aq]0 is the concentration of hydrated electron im-
mediately after the excitation pulse. However, because the
Trp solution at 5×10−4 M has such a high absorbance at
the laser pulse wavelength (see Fig. 2) there is a very sharp
gradient in the value of [e−aq] from the front to the back of
the cell, but the net absorbance of the solution at 670 nm
is only an average of [e−aq] times the molar extinction co-
efficient and cell pathlength, and thus Eq. (13) cannot ac-
curately describe the decay of absorbance with time. This
problem can be partially overcome by using Trp solutions

with a much lower absorbance such that there is a small gra-
dient in [e−aq]; for example at [Trp]=1×10−5 M the percent
of incident photons absorbed in the first 1 mm of the cuvette
is 0.9% compared to 0.8% in the last 1 mm, whereas in a
5×10−4 M solution the values are 36.9% versus 0.6%.

A series of transient absorbance decays at 670 nm were
therefore taken on samples in which the tryptophan concen-
tration was varied from 1×10−5 M to 9×10−5 M in order
to optimize the conditions for second-order decay measure-
ments. Nevertheless, it was observed that a plot of reciprocal
of absorbance versus time still did not yield a straight line,
as suggested by Eq. (13); rather, the plots deviated positively
with time from the initial slopes. This indicated that the elec-
tron concentrations are decreased from the values they ought
to have if the only scavenger is Trp+ (Eq. (4)) and thus there
must be other electron scavengers in the system, such as
Trp, trace O2 (k=1.9×1010 M−1 s−1 [35]), trace impurities
in the tryptophan, or the electron itself (2k=1×1010 M−1 s−1

[35]).
To a first approximation, the system can be treated as

though it consists of two parallel reactions, the first of which
is the recombination reaction of Eq. (4) with rate constant
k2, and the second of which is a pseudo first-order decay
of the electron with net rate constantk1 which incorporates
all of the other scavenging processes, assumed to be slower
than the recombination. The differential rate equations for
such a system of parallel reactions can be integrated [36],
and assuming that the initial concentrations of Trp+ and e−aq
are equal as a result of the photoionization, the following
expression results for a 1 cm pathlength:

ln

{
(k1/k2 + A/ε)A0

(k1/k2 + A0/ε)A

}
= k1t (14)

whereA is the absorbance,A0 the initial absorbance, andε
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Fig. 8. Plot of the left side of Eq. (14) vs. time, with linear regression line, for a solution of 1.96×10−5 M tryptophan, exposed to a 266 nm laser flash, using
the value ofε=18100 M−1 cm−1, the optimum value ofk1/k2=2.4×10−6 M, resulting in a slope of 1.67×105 s−1 and a value ofk2=7.0×1010 M−1 s−1.
Inset: the raw absorbance vs. time data.

the molar extinction coefficient of the electron at the moni-
toring wavelength. A value ofk1/k2 can be found that gives
the best linear fit (as indicated by the closest value of the
correlation coefficient to 1) of the plot of the left side of
Eq. (14) versust, with the slope yieldingk1 and hencek2.
Fig. 8 shows such a linear plot using the absorbance-versus-
time values shown in the inset. The measurement of 11
values ofk2 in this fashion resulted in an average value
of k2=(7.2±0.6)×1010 M−1 s−1 for the recombination re-
action, Eq. (4), which is close to the diffusion-controlled
limit. This result may be compared to the those of Lee et
al [37] who estimate a recombination rate constant between
3.1×1010 and 9×1010 M−1 s−1. The pseudo first-order rate
constants varied from 1×105 to 3×105 s−1 in the concentra-
tion range of 0 to 8×10−5 M tryptophan. This would result
in a second-order rate constant for scavenging of electron
by tryptophan of about 2.5×109 M−1 s−1 which is about 10
times the value reported earlier [27,32–34]. Thus, our re-
sults indicate that in the present experiments, neutral Trp is
not the principal contributor to the second pseudo first-order
decay pathway.

A recent investigation [18] of the time dependence of con-
ductivity following 193 nm photoionization of tryptophan
solutions at a pH of 8.3 provided evidence that significant de-
protonation of the tryptophan radical cation occurs at times
less than 1000 ns. The observation that the addition of the
electron scavenger, N2O had little influence on the conduc-
tivity time dependence, led to the speculation that Trp•+
recombination with e−aq occurs on a time scale greater than
1000 ns. A consideration of the 266 nm results obtained at a
pH of 5.9 which are shown in Fig. 7 indicates that neither
H+ scavenging nor scavenging by neutral tryptophan can
account for the significant decay of the e−

aq concentration at
times less than 1000 ns. This observation is consistent with

the conclusion that, in the present experiments, the recom-
bination reaction occurs rapidly on a time scale less than
1000 ns.

4. Conclusions

1. The photoionization of aqueous tryptophan occurs by a
combination of monophotonic and biphotonic absorp-
tion. With 2.8 mJ, 266 nm pulses, 85% of the electrons
detected at 25◦C in a collinear configuration are formed
via a one-photon mechanism. With 18.4 mJ pulses,
85% of the electrons are formed via a two-photon
mechanism.

2. The monophotonic photoionization quantum yield in-
creases more than fourfold as the temperature increases
from 11 to 82◦C.

3. In addition to photoionization, the population of the first
excited triplet state of tryptophan occurs via a mixture
of one- and two-photon mechanisms. The finding that
photoionization and T1 population exhibit similar laser
power dependence suggests that the mechanisms employ
the same intermediate singlet state.

4. At natural pH (5.9), tryptophan photoelectrons are pri-
marily scavenged by tryptophan radical cations at or near
the diffusion limit.
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