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Light Intensity Effects on Photoinduced Charge
Separation Parameters in a Molecular Triad
Based on an Iridium(lll) Bis(terpyridine) Unit

Lucia Flamigni,*™ Etienne Baranoff,” Jean-Paul Collin,” Jean-Pierre Sauvage,”

and Barbara Ventura®

The effect of photon flux on the yield and lifetime of charge sep-
aration over the extreme components of a D-Ir-A triad, where D
is a triphenyl amine electron donor, A is a naphthalene bis(imide)
electron acceptor and Ir is an If" bis(terpyridine) complex, has
been investigated. In usual laboratory conditions, with nanosec-
ond and picosecond laser pulses in the 4-8 mJ range, biphotonic
processes take place. Biphotonic products and their evolution

Introduction

The process of converting light energy into chemical energy
by synthetic molecular objects, irrespective of the level of com-
plexity and of similarity with the natural system, is generally re-
ferred to as artificial photosynthesis. In an oversimplified view,
which has become common and therefore accepted in the sci-
entific community over the last decade, this research field in-
cludes the study of simple tetra-, tri-, and even bicomponent
systems which, upon light absorption, are able to yield charge-
separated (CS) states, thus mimicking the primary processes
occurring in the reaction centers of bacteria and green plants.
There are several differences between the natural system and
the artificial ones studied in the laboratories, such as the level
of complexity, the physical status, the active-species concentra-
tion, and the illumination conditions. The importance of light
intensity on the outcome of early events in natural photosyn-
thesis had not escaped biophysicists and biochemists working
in the field.""¥ However, to our knowledge this aspect has
never been clearly addressed in synthetic arrays mimicking
charge separation. Herein, we address the issue of light intensi-
ty on artificial arrays by examining and discussing the effect of
photon flux on charge separation and recombination in a syn-
thetic molecular triad recently studied in our laboratories."”
When a multicomponent system designed to achieve charge
separation is studied, the final proof of success (or failure) is
provided by 1) the yield, and 2) the lifetime of the charge-sep-
arated state. Owing to the metastable nature of CS states and
to their generally nonemissive nature, these determinations re-
quire time-resolved absorption spectroscopy studies that are
based on lasers able to deliver light pulses at high intensity.
The experimental conditions that laser sources provide are, in
terms of photon intensity, many orders of magnitude different
from the natural ones, whereas the photoactive component is
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can introduce complications in reaction mechanisms and their
interpretation but can also drastically reduce the yield and the
lifetime of the charge-separated state. In the present case, after
discussion of several possible mechanisms, the process detrimen-
tal to charge separation is ascribed to absorption of a photon by
the photogenerated charge-separated state D*-Ir-A~.

generally present at lower concentration than in the natural
case. In these conditions, multiphotonic interactions can easily
take place, and their final products might or might not be the
same as those of monophotonic processes occurring at low
photon flux and high concentration regimes typical of natural
systems. The importance of multiphotonic absorption is testi-
fied to by the intense scientific activity in the rapidly develop-
ing field of nonlinear optical (NLO) properties connected to ap-
plications in the fields of three-dimensional microfabrication,
photodynamic therapy, optical power limiting, optical data
storage, two-photon fluorescence microscopy, bioimaging and
more.”

Going back to our specific aim, we take into consideration
only the intensity-dependent processes of significance in multi-
component synthetic arrays designed to convert light into
chemical energy. Without pretending to be exhaustive, the fol-
lowing cases can be considered: 1) simultaneous multiphoton
absorption by a single chromophore; 2) consecutive multipho-
ton absorption by a single chromophore, and 3) single-photon
absorption by several different chromophores of the arrays.
Two-photon phenomena are the most probable events and we
will limit discussion to this case. The first case listed above
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refers to absorption of two photons by the same unit at the
same time, which, through a virtual state, leads to a level
whose energy corresponds to the overall energy absorbed,
that is, two 800 nm photons would lead to a level of energy of
about 3 eV, corresponding to the absorption of a photon of
400 nm. This type of event has a very low cross-section, re-
quires an extremely high photon flux, and, because of the low
cross section, can favorably compete with monophotonic ab-
sorption only when no chromophore of the array has a signifi-
cant absorbance at the wavelength used for excitation.®” If
we exclude the systems designed for NLO applications men-
tioned above, this is almost never the case for photoactive sys-
tems that are specially designed to display high absorption co-
efficients at the excitation wavelength, and therefore this pos-
sibility will not be considered. The second case, sequential bi-
photonic absorption, consists in the absorption of a further
photon by an excited species or its reaction product (e.g. a
radical) and is a highly probable event, provided that the inter-
mediate state lives long enough to intercept a second photon
from the laser pulse. This type of process is rather common for
solutes exposed to nanosecond lasers converted to long-lived
states such as triplets or radicals.”! Depending on whether the
absorbing species is a radical or a triplet excited state, the
product will be an excited radical or a higher triplet excited
state. Both can internally convert and rapidly yield the starting
state again, but they could also display some reactivity, yield-
ing new products. Photoionization in this case can be a rather
common outcome.” " The last type of two-photon event, that
is, two single-photon absorptions by two different chromo-
phores of an array, is the most common whenever more than
one unit can absorb the excitation wavelength. If the compo-
nents of the assembly are weakly coupled from an electronic
viewpoint, the two units absorb independently according to
their molar absorption coefficients, leading to an excited state,
but there is a finite possibility (depending on the solution con-
centration and the photon flux) that the two absorbing chro-
mophores are resident in the same multicomponent array.
They could further react with the usual, independent reactivity,
but more often a reaction between excited states can efficient-
ly compete. Very often this type of reactivity leads to annihila-
tion of the excited states.'” When the originally produced ex-
cited states succeed in reacting independently, intramolecular
reactions can involve their longer-lived products.

The variety of reactions following a two-photon absorption
is very rich, and its occurrence under the usual experimental
conditions for transient absorption spectroscopy with multi-
component systems could be rather common, if one considers
that the concentrations used are of the order of 107°-107°m,
corresponding to 107°~107® mol in 1 cm?, and the energy used
is of the order of several (many) millijoules, corresponding to
about 1078-10"" mol photons on the irradiated volume, which
is generally substantially smaller than 1 cm®.

Whereas there is a common understanding that photon flux
is an important parameter in the collection and transfer of
electronic excitation energy in a so-called antenna system de-
signed to collect and funnel light energy, and several reports
discuss this parameter with respect to its rate and efficien-
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ey, the same parameter has not received comparable at-
tention in the wide literature on photoinduced charge separa-
tion."”7'® With the aim of drawing attention to this critical
issue, we report and discuss herein the results of a study of
the effect of photon flux on the yield and lifetime of a CS state
formed in a molecular triad upon light absorption. It is shown
that the photon flux parameter is crucial for efficient popula-
tion of a long-lived CS state. Indeed, it is evidenced how keep-
ing the photon flux low helps to prevent the occurrence of
detrimental multiphotonic events in laboratory conditions and
allows to correct parameters. Although the specific results ob-
tained herein cannot be considered as general, it can be con-
cluded with a degree of confidence that an improvement of
the charge-separation performance of a photosynthetic device
made of multicomponent arrays of strongly absorbing units
(typical of most synthetic arrays) is expected at low photon
flux. This finding is a fortunate outcome for practical applica-
tions, since it means that natural conditions are more favorable
than laboratory conditions.

Results and Discussion

The triad D-Ir-A is shown in Figure 1 with the models D, Ir, and
A of the component units. The triad is composed of a central
Ir(terpy),®™ unit (terpy = terpyridine) bearing at opposite posi-
tions an aromatic amine as electron donor and an aromatic

MeO

MeO 3PFe

Figure 1. Triad D-Ir-A and the related reference models D, Ir, and A.

bis(imide) as electron acceptor, both of which are connected
through amidophenyl spacers at the 4’-position of the terpyri-
dine ligands.”

The absorption spectra of the models, of the triad, and the
spectrum resulting from the superposition of the model com-
ponents are reported in Figure 2. The good additivity of the
spectra points to a very modest electronic coupling of the
component units, allowing the use of a localized description of
the states involved in the photoinduced processes. Complete
luminescence quenching of any component is detected upon
excitation at 430 nm, corresponding to a selective excitation of
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Figure 2. Absorbtion spectra of the model components and of the array in
acetonitrile: Ir (=—=), D (=+=¢), A (——), D-Ir-A (——), D+1Ir+A (seees ).

Ir. Upon excitation of the triad at 320 nm, the most favorable
wavelength for D excitation where the D unit absorbs 30%,
and at 357 nm, where the A unit absorbs 45% of the light, a
total quenching of the luminescence of each component was
detected. In Figure 3, the luminescence of the components in
D-Ir-A at the three wavelengths is compared with the lumines-
cence of the models."”

The quenching was ascribed to a sequential electron transfer
originating from the excited states 'D-Ir-A and D-’Ir-A via the

A =357 nm
exc

1/ a.u.

600 700 500 600 700400 500
Alnm

Figure 3. Luminescence spectra of the models (—) and the triad D-Ir-A
(—=-) in air-equilibrated acetonitrile solutions following excitation at the
specified wavelength; concentrations are arranged to provide the same ab-
sorption of photons in the model and in the corresponding unit in D-Ir-A.
The intensity of the panels is arbitrarily scaled.

formation within a few picoseconds of a primary charge-sepa-
rated state D*-Ir"-A, which rapidly transfers an electron to
yield the final CS state D*-Ir-A". This state is characterized by
slow intramolecular charge recombination at ambient temper-
ature (=120 ps) and is very insensitive to the presence of
oxygen (z=100 ps).”! An energy-level scheme with the rates of
the processes leading to the CS state D*-Ir-A~ formation and
decay is shown in Figure 4. This scheme was derived by a
series of transient absorption determinations from the pico- to
the millisecond range performed on the model components D,
I, and A, on the dyad models D-Ir and Ir-A, and on the triad D-
Ir-A using different experimental setups. A summary of the sig-
nificant photophysical parameters of the models and the array
can be found in Table 1.%'%2% The efficiency of CS was rather
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Figure 4. Energy-level scheme and reactivity of the triad D-Ir-A at low
photon flux.
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Table 1. Absorption and luminescence data of reaction intermediates of
D-Ir-A and models at 295 K in air-equilibrated acetonitrile solutions with
excitation at 355 nm."

State Absorption Luminescence

Amax [nM] 7 [ns] Jmax [NM] T [ns]

Ir 3Ir 780 530 566 580

'A 485, 650 0.05 388 nd.
A A 485 380 ns

AE 475, 610 -

'D 750 0.490 540 0.45
D D@ 760 - 0

D-Ir-A <0.02

'D-Ir-A <0.02

D-Ir-*A 485 360
D-Ir-A D*-Ir-A 765 0.06

D*-Ir-A- 475, 610, 765 100x 10°
[a] From chemical reduction.”

low (on the order of 10%) which was due to the fast recombi-
nation reaction in the primary CS state D*-Ir-A (k=1.4x
10" s7") strongly competing with the full charge separation to
D*-Ir-A~ (k=2.4%x10°s"") Figure 4. Quite remarkably, charge
separation in the triad occurs only upon excitation of either
the D or the Ir unit, that is, from the 'D and 3Ir states, whereas
excitation of the A unit leads very rapidly (r/50 ps) to the for-
mation of a long-lived triplet excited state, D-Ir-*A, which can
only transfer electrons by intermolecular diffusive reactions. In
fact, transfer of an electron from the triplet localized on an A
unit to the D unit (D-Ir-*A— D™-Ir-A"), which would be ther-
modynamically feasible, is prevented by the large distance and
the nature of the interposed Ir complex, which was previously
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shown to display poor electron-transmission properties.
Therefore, when energy is absorbed by the A component (D-
Ir-*A is formed), the *A unit (either 'A or 3A) displays reactivity
typical of the isolated unit.

While investigating the photoreactivity of triad D-Ir-A sum-
marized above, we noticed that variations in the intensity of
the laser could produce different outcomes, as detailed below.
At the wavelength used to excite the sample with both pico-
second and nanosecond pulses (the third harmonic of the
Nd:YAG laser, 355 nm), the components absorb with a relative
probability of about 10%, 45%, and 45% for D, Ir, and A, re-
spectively.

The spectra registered at the end of a 35-ps laser pulse of a
D-Ir-A solution (2x107°Mm) in acetonitrile are reported in
Figure 5. The spectrum for higher energy (4 mJ) is shown in

[21,22]

a)
0.3
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0.2
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time / ps
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Figure 5. Transient absorption spectra detected for an air-equilibrated aceto-
nitrile solution of D-Ir-A (2x 107° m) after excitation at 355 nm with a 35-ps
pulse. In the right insets, the time evolution of the absorbance at 760 nm
and a derived absorbance at 610 nm (see text) are reported; in the left

insets, the time profiles of the absorbance decay (0) and the related fitting

(—) are shown; a) 4 mJpulse™'; b) 2.5 mJpulse™".

Figure 5a and for lower energy (2.5 mJ) in Figure 5b. In these
experimental conditions, a small portion (= 1/10) of the irradi-
ated solution volume of ~0.1 cm?® was analyzed in a collinear
geometry. The number of photons incident on the irradiated
volume is ~1.2x 10" mol for the 4-mJ case and about half
that for the 2.5-mJ case, whereas in the same volume there is
2x 107 mol D-Ir-A. This means that in the higher-energy con-
ditions the number of photons is about one order of magni-
tude higher than the number of (multicomponent) molecules,

1946

www.chemphyschem.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

L. Flamigni et al.

whereas in the low-energy conditions there is a lower ratio of
photons to molecules.

The bands of the anion A~ can be identified in the end-of-
pulse spectrum around 480 nm and 610 nm, and the band of
the cation D™ appears at 760 nm (Figure 5). The evolution of
the D* and A~ species was monitored at 760 nm and 610 nm,
respectively; A~ is monitored at 610 nm because at this wave-
length the superposition with the absorbance 'A and 3A is
minimized. In the left insets of Figures 5a and b (upper and
lower), the decay detected at 760 nm owing mainly to the D*
band is reported. The decay at this wavelength can be de-
scribed by a double exponential (7, =60 ps and 7,=135 ps) at
higher laser energies (upper panel of Figure5), whereas at
lower laser energy the decay is a single exponential with 7=
60 ps (lower panel of Figure 5). Since the contribution of the
absorption of the anion to the overall absorption in the triad
at 610 nm is rather low but well characterized as a sharp maxi-
mum on a rather flat background, we chose to measure the
difference between the 610 nm absorbance and the average of
the absorbance measured at 600 nm and 620 nm. We define,
for each time delay, AA(A™)=AA(610 nm)—[AA(600 nm)+ AA-
(620 nm)1/2. The time evolution of AA(A™) shows a rise with a
lifetime of 60 ps in both low- and high-energy conditions, in
excellent agreement with the fast exponential decay measured
at 760 nm (shown in arbitrary units for comparison in the right
insets of Figure 5). Therefore, the high- and low-energy condi-
tions differ for the presence of an extra decay registered at
760 nm, arising from a species with a lifetime of 135 ps. We
can rule out the singlet intermediate 'A, which is much shorter
lived (50 ps), and the triplet *A, which does not absorb above
550 nm;* furthermore, these species are monophotonic prod-
ucts and would be present in both high- and low-energy con-
ditions. On the contrary, the excited state of A~ (a doublet ex-
cited state ?A7), which could be formed by the absorption of a
second 355 nm photon by the charge-separated state, that is,
D*-Ir-A-—D"-Ir-*A~, could well account for this species. A~ is
in fact reported to display a reasonable absorbance at 355 nm,
and ?A~ has a broad absorption over the 500-800 nm range
and a lifetime of 141 ps leading back to A=.*® Although this
biphotonic process should not compete and interfere with the
yield of the CS state (it is expected to regenerate the CS state,
D™-Ir-’ A~ —=D™-Ir-A"), its presence and decay complicates, in
an high-energy regime, the interpretation of an intrinsically
complex system.

The yield of the formation of D*-Ir-A~ is 10% (see above),
and no further decay of the CS state can be detected after the
time evolutions in the picosecond experiment (&3.2 ns). To
follow the slower time evolution of the CS state and to deter-
mine the lifetime, a flash photolysis experiment with nanosec-
ond resolution was performed. A typical spectrum registered
in the microsecond time scale after excitation by an 18-ns laser
pulse in air-equilibrated solutions of D-Ir-A is shown in
Figure 6; it displays the bands of the CS state, with both the
A~ and D* components. The insets show the time evolution of
the main bands. The decay could be fitted by a clear monoex-
ponential with a 100-us lifetime in air-equilibrated solution
(120 ps in air-free solution), independent of intensity and
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Figure 6. Typical spectrum registered at 1 ps after the pulse in air-equilibrat-
ed acetonitrile solutions of D-Ir-A (2x 107° m) excited at 355 nm

(3 mJpulse™, 18-ns pulse). In the insets, the time evolution of the CS bands
at two selected wavelengths are shown.

solute concentration. This lifetime was assigned to the intra-
molecular recombination of D*-Ir-A~ to the ground state D-Ir-
A, and the presence of a minor component with a lifetime of
tens of milliseconds was assigned to slow intermolecular reac-
tions involving secondary products.””

A detailed study of the laser pulse energy on the transient
spectrum in the nanosecond time scale reveals that the spec-
tral data are dependent on the laser intensity. Figure 7 shows
the spectra detected at the end of the pulse and 80 ns after
the end of the pulse for high (Figure 7a) and low (Figure 7b)
pulse energies. At high laser energy the spectrum displays a
broad band around 600-800 nm, which decays on the tens of
nanoseconds time scale; this band is absent at lower laser in-
tensity. The spectral shape is reminiscent of the 3Ir absorbance,
which has a broad band with a maximum at 760-780 nm.*”
The intensity effect on the decay at 760 nm is better evidenced
in Figure 8, where the time profiles registered at increasing en-
ergies (1.5 mJ, 5mJ, and 8.5 mJ) are shown for two different
triad concentrations. The traces are noisy, but a clear decay of
~20 ns can be observed at both concentrations at the higher
energies; it disappears at 1.5 mJpulse™'. The decay 1) displays
a short lifetime, 2) is independent of the active medium con-
centration, and 3)is dependent on incident light flux. This
means that diffusive reaction processes can be excluded, that
the nature of the process can only be intramolecular, and that
it must involve the absorption of more than one photon. It
should be stressed that the laser energies used here (1-
8.5 mJpulse™') are well in the range of those normally used in
flash photolysis experiments. The number of photons relative
to the number of solute molecules can be estimated on the
basis of the energy delivered and the irradiated volume. A
small portion of the irradiated volume is analyzed with a 90°
geometry; the analyzed volume of 0.06 cm® (see the Experi-
mental Section) contains ~3x107° molecules for the 4.5x
107>m solution (1x107° molecules for 1.8x107°m), and the
number of photons is around 3x107° per millijoule delivered .
Thus, by increasing the intensity of the laser well above 1 mJ,
the number of photons is much higher than the number of
(multicomponent) molecules.

ChemPhysChem 2007, 8, 1943 - 1949

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ARTICLES

a)
AA ,0'.'.‘0
'y e
[\
2 b e
00| e ’
’/o \\,i. . /'\ ./
\ S ee-00s° P
f} c\'......". L /o’ 0o
% “000000000 0° \ o
/ oQ OO/ 7°
‘ el ©
0.00 T T T T
500 600 700 800
Alnm
b)
0.02
AA .E
A&
g
0.01 !j \
o Cf ‘.q
ST 4\
oi f\vo’ * j! é‘\"
PO e
805
0.00 T T T T
500 600 700 800
A/ nm

Figure 7. Transient absorption spectra of air-equilibrated acetonitrile solu-
tions of D-Ir-A (4.5x107° m) excited at 355 nm at the end of the pulse (@)
and 80 ns after the end of the pulse (0). The laser intensity is

a) 8.5 mJpulse™'; b) 1.2 mJpulse™.
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Figure 8. Decay of the absorbance registered at 760 nm for air-equilibrated
acetonitrile solutions of different D-Ir-A concentrations at different excitation
energies: 8.5 mJpulse™' (black line), 5 mJpulse™ (grey line) and

1.5 mJpulse™' (black scattered). a) 1.8x107°m, b) 47X 107> M.
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In these conditions, two photons can be absorbed inde-
pendently by different chromophores of the ground state D-Ir-
A, and the formation of doubly excited triads D-*Ir-*A and 'D-
*Ir-A or 'D-Ir-*A should be considered. For the latter states in-
volving 'D, even supposing a very slow reactivity, this state is
not expected to survive in the nanosecond timescale because
of the short lifetime of 'D (Table 1). It is difficult to envisage
some type of product of 'D-3Ir-A or 'D-Ir-°A that could live
long enough to be detected in the nanosecond timescale. D-
*Ir*A could have a longer lifetime (=550 and 360 ns for *Ir
and 3A, respectively, Table 1), provided that no annihilation re-
action occurs faster. The reactivity of ?Ir toward D (Figure 4)
would reduce the lifetime to few picoseconds, generating a
D*-Ir-*A state. This would very likely yield, upon electron
transfer, a D*-Ir-A~ state. It is, however, difficult to account for
the experimental observation of a species with a broad spec-
trum with maximum at 760-780 nm (very likely ?Ir) and a life-
time of 20 ns.

Long-lived intermediates can be considered steady products
on the timescale of the observation, and the species D*-Ir-A~,
which lives =100 ps in air-equilibrated samples, can be consid-
ered a good candidate for the absorption of a further photon.
We know that A~ can absorb a photon, and D* might also be
able to, but upon excitation of these species we expect a rapid
internal conversion to the CS ground state not interfering on
the nanosecond scale (see above).”® Alternatively, absorption
of a photon by the Ir unit is very likely (see the absorption
spectra in Figure 2) and would lead to the formation of D*-|r-
A~. The energy level of this state can be estimated from the
energy of the CS state (1.26 eV) and of the excited state
(2.43 eV) to be about 3.7 eV (Figure 9). This is a very high
energy which can open several reactivity paths. The excited Ir
moiety could accept an electron from A~ with AG’=—-2.13 eV
to yield D*-Ir-A, whereas the possibility of extraction of an
electron from D* to yield D-Ir*-A~ seems less probable owing
to the difficulty of oxidizing the Ir (tpy), component.”>?® The
hypothesis of the formation of D™-Ir -A from D"-Ir-A~ is rea-
sonable, and because the high driving force of the reaction, ac-
cording to Marcus theory, this process could be slow enough

Elev D*-3Ir- A"

5x107 s
x hv

2.07

Y

D-Ir-A

1.5

D*-Ir- A"

0 Y

D-Ir-A

Figure 9. Energy-level scheme for D-Ir-A and reactivity of the CS state D" -Ir-
A~ upon absorption of a photon (high photon flux).
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to take place in the nanosecond time scale””’ D*-Ir-A will
then decay mainly by recombination to the starting D-Ir-A, as
discussed above (see Figure 4), and only about 10% will yield
the CS state D*-Ir-A~ again. The measured lifetime of 20 ns,
corresponding to a rate k=5x10"s™', would therefore be as-
signed to the rate-determining step DT-*Ir-rA”—D™-Ir-A,
which starts the deactivation of the excited CS state D*-3Ir-A~
to the ground state. This hypothesis could explain the observa-
tions in that it agrees with the change in the optical spectra re-
ported in Figure 7 (Ir has spectral features similar to those de-
tected), and it can explain the observed 20-ns lifetime of the
species and account for the reduction in the yield of the CS
state at high photon flux.

Conclusions

In the triad D-Ir-A, the effect of light intensity on the charge-
separation yield and lifetime has been demonstrated; a de-
crease in CS lifetime from 100 ps to 20 ns and a significant re-
duction in yield, on the order of 90%, can occur for those
arrays which absorb a second photon. The importance of the
event depends on the photon flux and for multicomponent
arrays made of moderately absorbing chromophores can take
place in typical experimental conditions, that is, with nanosec-
ond laser pulses of a few millijoules of energy and active
medium concentrations on the order of 107> m. Care should be
taken in evaluating the importance of this effect when results
from laboratory conditions are extended to applications under
natural illumination.

Experimental Section

The synthesis of the compounds is reported elsewhere."?” Spec-

trophotometric grade acetonitrile was used as purchased. Oxygen-
free solutions were degassed for 10 min with a stream of argon in
home-modified 10-mm fluorescence cells. A Perkin-Elmer
Lambda 9 UV/Vis spectrophotometer and a Spex Fluorolog Il spec-
trofluorimeter were used to acquire absorption and emission spec-
tra, which were uncorrected if not otherwise specified. Transient
absorption spectra and lifetimes with picosecond resolution were
determined by a pump-probe apparatus with 30 ps resolution
based on a Nd:YAG laser (Continuum PY10, 355 nm, 35 ps, 10 Hz)
previously described and operated at energies ranging from 2.5-
4 mJpulse " The laser was focused on a 5 mmx 10 mm section
cell in a circular spot about 5 mm in diameter. The absorbance of
solutions at the excitation wavelength was A~ 1.2. Nanosecond
laser flash photolysis experiments were performed by a previously
described system based on a Nd:YAG laser (JK Lasers, 355 nm,
18 ns pulse, 2 Hz).**3% The laser was focussed on a 10 mmx
10 mm section cell in a rectangular pattern about 10 mm wide and
3 mm high. The focused analyzing beam probed a 2 mm section of
the irradiated area at a right-angle geometry close to the cell wall
irradiated by the laser. The absorbance of solutions at the excita-
tion wavelength was A= 1 or A=2.7. The laser energy was varied
between 1 mJpulse™' and 8.5 mJpulse™'. Experimental uncertain-
ties are estimated to be within 10% for lifetime determination in-
volving simple exponential, 20 % for lifetime determinations involv-
ing multiple exponentials or more complex kinetics, 15% for quan-
tum yields, 20% for molar absorption coefficients, and 3 nm for
emission and absorption peaks.
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