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Abstract—It is generally accepted that both promazine (PZ) and chlorpromazine (CPZ) photoionize
monophotonically to their respective cation radicals and the corresponding hydrated electrons. It is
also supposed that this photoionization has a role in the phototoxic effects of these drugs. However,
using laser flash photolysis, we have observed that photoionization of CPZ during §, excitation (A >
300 nm) is a stepwise biphotonic process. In the case of PZ our flash photolysis results are less clear-
cut, but are consistent with stepwise biphotonic photoionization for S, excitation. We demonstrate,
using computer simulation of the intramolecular kinetics, that the estimated triplet state lifetime of
CPZ is sufficiently long (23 ns at room temperature) to account for the apparent monophotonic
photoionization that has been observed by others at high light intensities and short pulse times. Our
laser flash photolysis results also suggest that the photo-ionization mechanism of PZ and CPZ is
wavelength-dependent. Both drugs exhibit apparent monophotonic photoionization when they are
excited at 266 nm under conditions of laser pulse width and intensity similar to those at 355 nm. We
suggest that photoionization is not an important mechanism in the observed phototoxic and photoal-
lergic effects of PZ and CPZ in sunlight.

INTRODUCTION 3CPZ* —P- + ClI- (4)

Phenothiazine drugs have long been used for the  (b) photoionize directly,
treatment of psychiatric disorders, but these clin-
ically important drugs, particularly chlorpromazine, 3CPZ* — CPZ! + e, (5)
often elicit undesirable side effects that include pho-
toinduced ocular complications and phototoxic and
photoallergic reactions. The active intermediates for 5 & B
both photosensitization (Harber and Baer, 1969) CPZ* + hv — CPZ* + e% (6)
and ocular effects (Zelickson and Zeller, 1964) may |t is not well understood how CPZ and PZ photoion-
be free radical photoproducts (Chignell et al., 1985).  jze to produce hydrated electrons and the corre-
The free radical photochemistry of chlorpromazine  sponding radical cations, CPZ' and PZ".
(CPZ)f is complex (Motten et al., 1985). After the The photoionization of CPZ and PZ has been
initial absorption of a photon, studied using flash photolysis by Iwaoka and Kondo
CPZ + hv— lcpz* (Sla A =300 nm; 52 A < 300 nm), ('1974) and Navaraln:?m et al. (19?8) USi]‘lg CO?I\-’EI]'
tional flash photolysis, Iwaoka and Kondo (1974)
(1) observed the photoformation of CPZ", which was

or, (c) photoionize by absorption of another photon,

this singlet state could photoionize directly, consistent with the previous steady state photoch-
emical studies of Lagercrantz (1962), Borg and
ICPZ* — CPZ' + e, (2)  Cotzias (1962), and Piette and Forrest (1962). How-

ever, conventional flash photolysis cannot be used

or, relax to a triplet, ;
P to directly observe the hydrated electron because

ICPZ* — 3CPZ*. (3) its lifetime is short in solution. Using laser flash
. ) photolysis, Navaratnam et al. (1978) directly
The triplet could: (a) dechlorinate, observed and identified the excited triplet states of

PZ and CPZ, their cation radicals, and the hydrated
+To whom correspondence should be addressed. electrons produced by their phoioionizatior_l. These
tAbbreviations: CFKR, Center for Fast Kinetic Research; authors observed a linear change with flash intensity

CPZ, chlorpromazine; CPZ*, an excited state of CPZ;  in the optical density due to e7q, which led them to
CPZ?, chlorpromazine radical cation; DMPO, 5,5-  conclude that photoionization was monophotonic
dimethylpyrroline-N-oxide; ESR, electron spin reson- ¢ hoth molecules. In a similar study of phenothiaz-
ance; P, 10-[3-(dimethylamino)-propyl]-10H-pheno- . g : ; e

thiazin-2-yl; PZ, promazine; PZ!, promazine radical 1€ solubilized in micelles, Alkaitis ef al. (1975)
cation; R,, €r _.piles,s;; Si, the first excited singlet concluded that 347 nm laser excitation results in
state; S,, the second excited singlet state. monophotonic photoionization.
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When we employed the ESR spin trapping tech-
nique in steady state experiments to study the free
radical photolysis pathways of PZ and CPZ (Motten
et al., 1985), we detected e, only for the S, exci-
tation of CPZ. We observed no e74 during S, exci-
tation, and photolysis of PZ yielded no evidence
for e, whether excitation was into S, or S,. We
concluded that photoionization of CPZ must be a
stepwise biphotonici process during S; excitation
and a monophotonic process during S, excitation.
A similar wavelength dependence has been
observed for the photoionization of tyrosine by
Pileni et al. (1975) who postulated a monophotonic
mechanism for A < 270 nm and a stepwise bipho-
tonic mechanism for A > 270 nm.

We have previously argued in the case of PZ that
for excitation into both S; and S,, photoionization
is biphotonic (Motten et al., 1985). We attributed
the discrepancy between our results and those of
Navaratnam et al. (1978) to the high light levels
required for the laser flash photolysis experiments.
Indeed, Lachish et al. (1976) have reported that the
use of high light levels in laser flash experiments
often confounds the analyses of monophotonic and
biphotonic  photoionization. Nevertheless, the
incongruity between our results and those of Nava-
ratnam ef al. (1978) called for further study of the
photoionization processes of PZ and CPZ.

We now present direct evidence that, at light
levels typical of laser flash photolysis, CPZ can
undergo stepwise biphotonic photoionization during
S, excitation (A > 300 nm); and we use computer
simulation of the intramolecular kinetics to show
that at the light levels that have been used in laser
flash photolysis to investigate CPZ and PZ pho-
toionization, stepwise biphotonic photoionization
can appear to be monophotonic.

MATERIALS AND METHODS

Chlorpromazine (Smith, Kline and French Labs, Phila-
delphia, PA) and promazine (Wyeth Labs, Philadelphia,
PA) were used as received. For the experiments described
here, CPZ and PZ were dissolved in nitrogen-bubbled 10
mM pH 6.5 citrate buffer, unless otherwise noted. Chang-
ing the buffer concentration to 2.5 mM did not affect the
results.

Laser flash photolysis experiments were performed at
the Center for Fast Kinetic Research, Austin, TX, using
a Nd:YAG Q switched laser with a 12 ns pulse. Excitation
was accomplished with either the 266 nm output, 13 mJ
pulse energy, or the 355 nm output, 22 mJ pulse energy.
A mode-locked Nd:YAG laser was used to produce a 30
ps 10 mJ pulse at 355 nm. (Energies quoted represent
energy to the sample in a volume of 3 x § x 10 mm
path length.) In the experiments comparing e, with light
intensity, the transient decay curves used for the analysis
were a 4-6 shot average. The laser flash intensity was
varied by placing wire-screen neutral density filters in the

tWe have chosen to use the term ‘stepwise biphotonic’ to
clearly distinguish consecutive two-photon processes
from processes that result from simultaneous two-pho-
ton absorption. See Scaiano er al. (1988).

beam immediately before the sample. Conventional flash
photolysis was performed with a PRA FP-1000 flash pho-
tolysis system.

Computer simulation of photoionization rates were per-
formed using the TUTSIM program (Applied I, Palo Alto,
CA) developed at the Technische Hogeschool Twente,
Netherlands. The program was run on a Kaypro IV per-
sonal computer using the mathematical model described
in the Results and Discussion section.

Fluorescence lifetimes for PZ and CPZ in aqueous
buffer at pH 6.5 were measured with an SLM 4800 Sub-
nanosecond Lifetime Spectrofluorimeter (Urbana, IL). 1,4
bis-2-(4-Methyl-5-phenyloxazolyl)-benzene in  aerated
absolute ethanol was used as a lifetime standard (Lakowicz
et al., 1981). The lifetime of the standard was taken to be
1.45 ns.

The absorption coefficients for PZ (€33 o = 3880 M !
cm ') and CPZ (€305 nm = 4030 M~ ' cm ') at their absorp-
tion maxima were determined as the slopes of linear plots
of absorbance vs concentration, and were calculated at
other wavelengths by reference to the complete absorption
spectra.

RESULTS AND DISCUSSION
CPZ and PZ transient absorption spectra

The transient absorption spectra of CPZ and PZ
following excitation at 266 or 355 nm are presented
in Figs. 1 and 2. These spectra are similar to those
presented by Navaratnam et al. (1978). The slowly
decaying transients at 510 nm for PZ and 530 nm
for CPZ are assigned to the well known cation
radicals, PZ' and CPZ' (Borg and Cotzias, 1962;
Piette and Forrest, 1962; Iwaoka and Kondo, 1974;
Navaratnam et al., 1978; Davies et al., 1979).

The triplet-triplet absorptions for PZ and CPZ
have been previously assigned to the transients with
a maximum at 460 nm (Davies et al., 1976; Navarat-
nam et al., 1978; Alkaitis er al., 1975). Very little
absorption was observed at 460 nm for CPZ, while
for PZ a large triplet—triplet absorption peak was
visible (Figs. 1 and 2). The triplet state lifetime of
PZ determined from the 12 ns pulse system was
3100 nsf in nitrogen-bubbled solution, 400 ns in air-
saturated solution, and 86 ns in oxygen-saturated
solution. These lifetimes were determined using a
double first-order decay analysis for the 460 nm
transient; the slower decaying transient corre-
sponded to the decay of PZ*. The lifetime of the
460 nm transient of CPZ was estimated using the
fast data acquisition capabilities of the 30 ps laser
flash photolysis system at the CFKR. Our value of
23 ns in nitrogen-bubbled solution is comparable
to the value of approximately 100 ns obtained by
Navaratnam et al. (1978). The much shorter triplet
state lifetime of CPZ, compared to PZ, is undoubt-
edly related to the chlorine present and possibly the
dechlorination reaction.

We attribute the broad, very fast-decaying transi-
ent absorption ca. 700 nm to e g [Amax = 720 nm,

£In general, the standard errors of the fitted rate constants
were 5-10% of the analysed value.
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Figure 1. Transient absorption spectra of CPZ and PZ: 12 ns, 355 nm excitation. Left: nitrogen-

bubbled 0.54 mM CPZ; absorbance at 355 nm was 0.18. Spectra were taken at (a) 0.12 ps, (b) 0.44

ws, and (c) 1.42 us after the laser flash. Right: nitrogen-bubbled 0.55 mM PZ; absorbance at 355 nm

was 0.09. Spectra were taken at (a) 0.10 ps, (b) 0.70 ps, and (c) 2.2 ps after the laser flash. Absorption
data were taken at 10 nm intervals. Pulse energy was ca. 22 mJ.

CcPZz )\“ = 266 nm

ABSORBANCE
o

01

00 L L L 1
400 500 600 T00 800

07s PZ X.- = 266 nm

0.0 4

WAVELENGTH (nm)

Figure 2. Transient absorption spectra of CPZ and PZ: 12 ns, 266 nm excitation. Left: nitrogen-

bubbled 0.09 mM CPZ; absorbance at 266 nm is 1.1. Spectra were taken at (a) 0.14 ps, (b) 0.26 us,

(c) 0.64 ps, and (d) 1.29 ps after the flash. Right: nitrogen-bubbled 0.09 mM PZ; absorbance at 266

nm was 1.1, Spectra were taken at (a) 0.040 ps, (b) 0.10 ps, (c) 0.27 ps and (d) 1.35 ps after the
laser flash. Absorption data were taken at 10 nm intervals. Pulse energy was ca. 22 ml.

€20 = 1.9 x 10* mol™! em™!, width at half
maximum ca. 350 nm (Jou and Freeman, 1977)].
To confirm our assignment, we tested for quenching
by N,O. At an N,O concentration of ca. 22 mM
(saturated solution) the transient was effectively
quenched as expected; N,O reacts with e7, at 8.9
x 10° M~'s~! (Anbar er al., 1973). As a further
check, we also measured the reaction rates of this
transient with CPZ and with the spin trapping agent
DMPO. The reaction of e, with CPZ was found
to be first-order in CPZ by Navaratnam et al. (1978)
with a rate constant of 1.9 x 10" M~!s~!, From
our observed pseudo-first-order rate constants we
determined that the rate constant for the reaction

of our ca. 700 nm transient with CPZ was 1.7 x
10" M~'s~!. (For promazine, this rate constant was
8.6 x 10° M~'s~!.) The reaction of our ca. 700 nm
transient with the spin trap DMPO had a second-
order rate constant of 6 x 10° M~!s~!, similar to
that reported by Hoebeke er al. (1986), 1.6 x 10"
M~"s™! for the reaction of hydrated electron with
DMPO. Taken together, these observations are
consistent with the production of e7, from the pho-
toionization of PZ and CPZ.

[e7aq] vs. light intensity

In an effort to determine whether the observed
photoionization process is monophotonic or step-
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wise biphotonic, we measured [e7 ] as a function
of light intensity. Solutions were flashed with the
266 nm or 355 nm laser output with a series of
intensities, and the absorbance of e7, at 690 nm
was monitored. The transient decay curve of the
electron absorbance was analyzed using first-order
kinetics, and an extrapolated absorbance at time
zero, Dy, was calculated and plotted against flash
intensity (Figs. 3 and 4). In such a plot the slope
is related to the mechanism of photoionization as
discussed below.

For moderate flash intensities, the initial absorb-
ances of a transient chemical species can be
described as a function of intensity by Eq. 7:

Dy = kIp (7

where n is an integer and & is a constant encompass-
ing the specified experimental conditions (Pillof and
Albrecht, 1968). The value of n can be conveniently

[ CPZ
t 12 ns PULSE

Log |,

Figure 3. Log(D,) at 690 nm vs Log I, for CPZ. A — 12
ns, 355 nm excitation of 0.5 mM CPZ; absorbance at 355
nm is 0.18. O is a repeat of A. O — 12 ns, 266 nm
excitation of 90 pM CPZ, absorbance at 266 nm = 1.08.
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Figure 4. Log(D,) at 690 nm vs log(/,) for PZ. A — 12
ns, 355 nm excitation of 0.5 mM PZ, absorbance at 355
nm = 0.10; O — 12 ns, 355 nm excitation of 0.5 mM PZ,
absorbance at 355 nm = 0.09; O — 12 ns, 266 nm exci-
tation of 90 pM PZ; absorbance at 266 nm is 1 08,

determined by plotting the logarithms of the terms
in Eq. 7:

log(Dy) = log k + nlog(lp) (8)

A plot of log (D) vs log(Ip) then yields a straight
line, the slope of which gives n. Note that the
absolute values of [e7,] and light intensity are not
necessary to obtain n.

Lachish et al. (1976) and Pillof and Albrecht
(1968) have analyzed the conditions under which
it is possible to use the value of n to determine
mechanisms of photoionization. Using the Beer
Lambert law, Lachish et al. (1976) have derived a
qualitative criterion for determining when the value
of n obtained from equation 8 can be used to dis-
tinguish single- from multi-photonic processes. This
criterion can be expressed as

oY<l1 9)

where o is the absorption cross-section of any
absorbing species in the photoionization process and
Y is the photon fluence (density) of the flash in
photons/cm?. Subject to this condition, n=1 for a
monophotonic process and n=2 for a biphotonic
process. However, when the photon fluence Y is
high compared with the absorption cross-sections of
the initial substrate or its excited-state intermedi-
ates, i.e. where ¢Vis greater than one at the exciting
wavelength over the range of intensities used in an
experiment, saturation of excited states can occur
and stepwise biphotonic processes can mimic mon-
ophotonic ones. In the present study, it was found
that laser excitation of both PZ and CPZ at 355 nm
(12 ns pulse) gave oY = (.06 at highest flash inten-
sity, while at 266 nm oY was 0.5 at the highest flash
intensities. These results suggest that laser flash
intensities were low enough in the present exper-
iments to exclude trivial saturation effects during
the initial S, — §; (355 nm) and S, — S, (266 nm)
excitation. Effects arising from further excitation of
transient species are discussed in the next section.

Figure 3 presents the plots of D, vs laser light
intensity for the experiments using the 12 ns pulsed
laser to excite CPZ. Using the laser’s 355 nm output,
the slopes of two separate experiments are 1.7 and
2.0. Excitation at 266 nm yields a slope of 0.9. Thus,
photoionization of CPZ clearly occurs through a
stepwise biphotonic process during S, excitation,
while excitation at 266 nm (S;) appears to produce
monophotonic photoionization.

The same experiments with PZ produced slopes
of 1.1 and 1.4 with 355 nm excitation and a slope
of 1.0 with 266 nm excitation (Fig. 4). The slopes
at 355 nm are greater than one but not near two as
with CPZ. The results at 266 nm also suggest a
monophotonic ionization.

Since our experimental results were not entirely
consistent with previous laser flash photolysis work
(Navaratnam et al., 1978) or with our ESR data
(Motten et al., 1985), we turned to a computer
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model that could take ground state depletion and/
or triplet state saturation into account.

Computer simulation

The TUTSIM computer simulation algorithm is
based on a mathematical model of electrical current
flow through resistors and capacitors and can be
used for any system whose evolution in time can be
described by a small number of differential equa-
tions. Our model was a five-level system consisting
of the ground state, two excited singlet states, one
triplet state, and the ionized state, with each pair
of states connected by rate constants. (See Fig. 5
and Table 1.) Monitoring the absorbance of the
hydrated electron allows us to ignore the dechlori-
nation reaction (Eq. 4). We have also omitted pro-
cesses such as triplet-triplet annihilation and the
decay of the photoionization products because we
presumed them to be slow or rare compared to
photoionization itself. The model is described by
the following differential equations:

dr —(kaitka2)[Sol + kr[T1] + ke[S)]  (10)
K
: 5,2t =i
kg
‘ kar
Si &
T,
ke ka | ka,
ky
So

Figure 5. Energy levels scheme for computer simulations
of photoionization. Only excitation into S, was simulated
in the present work.

Table 1. Rate constants used to simulate photoionization
in the five-level system of Figure 5

Rate constant Chlorpromazine Promazine

ke 1.8 x 10%s~! 429 x 108571
TE 0.5 ns* 2.1 ns*

kisc 2.0 x 10%s~! 476 x 107s!
O 0.11 0.1+

kr 4.3 x 107s7! 3.2 x 10551
Tr 23 ns*t 3100 ns*%

ks 1012 g1 102 !

kpy 10 g1 10M 5!

kas 0 0

ki 105-107 5! 108-10" s~!
kar$ 10%-10° s—! 10109 5!

*Measured in this study.

tFrom Navaratnam er al. (1978).
fNitrogen-bubbled solution.

§In curve b of Fig. 6.

O = (ke + kisOIS1] + kol + IS (D)
(kIS HhalS)] (12)
= ~Car T+ kisdSi] (13

= kelS:] + kalT] (149

d

We assigned rate constants that were consistent with
measured rates where possible, and where measure-
ment was not feasible we assigned reasonable
values. We calculated kt from the triplet lifetimes;
it represents all triplet deactivation processes except
photoionization. kg, the rate constant for deacti-
vation of the singlet state by all routes other than
intersystem crossing, and kjsc, the intersystem
crossing rate from S, to T,, were assigned values
consistent with both the measured triplet quantum
yield of 0.1 as determined for CPZ by Navaratnam
et al. (1978) and our measured fluorescence lifetimes
of 0.5 ns for CPZ, 2.1 ns for PZ. For the present
work only stepwise biphotonic photoionization via
the triplet state (S, — S, — T, — PI) was modeled.
The second excited singlet state was included in
the model for completeness and for our planned
extension to S, excitation. In the present study the
rate constant k., was set to zero. The decay from
the second excited singlet state, S,, to either S, (kg)
or to PI (kp;) cannot affect our results in this limited
calculation because the S, state_was not populated.
The excitation rate constants k, and ks depend
on the photon fluence rate (flux) of the beam, the
number of molecules in the beam, and the extinction
coefficients €s,—s, and €T, Pl respectively; these
absorption rate constants were varied over wide
ranges as we investigated the behavior of the model
system. For a single concentration and a single exci-
tation wavelength, both the number of molecules in
the beam and the extinction coefficients are con-
stant, so changing kst and k4, in concert is equival-
ent to changing the fluence rate, I'. Changing k.
but not k4, is equivalent to changing the ratio of
extinction coefficients, ey _p/es s, (which we will
henceforth call R,) without changing I'. Therefore,
all simulations were interpreted in terms of these
two variables, I and R,, and the rate constants for
each simulation were chosen so that only one of
these two factors would be changed at a time.
The parameters in Table 1 were used as input for
the model, and the population of the photoionized
state was calculated at 40 ps intervals for 20 ns total
time. The population of the PI state was taken as
the population at the end of 20 ns. After a simulated
20 ns excitation flash into S, log[PI] is plotted in
Fig. 6a—c over a range of fluence rates for three
different R, values. In Fig. 6a, R, is 100, in 6b R,
is 0.1, and in 6¢ it is 0.01. Curve 6d was generated




254 GARRY R. BUETTNER er al.

I °
2 ®
3 2r 1100% &
2 S
° ¥
E L S
a 1 -LIO% 2
o

w
- oF I
@ o
N ®
s °
S -1+ 10.1% E
2 b
a 2L
w
@
5
8 -3t
5
E
=R
[+
et 1 1 1 1 L 1
S 4 5 6 7 8 9 10

log ¥, (photons absorbed /100 molecules /sec)

Figure 6. Log-log plot of computer simulated biphotonic photoionization. The solid lines represent
the closest extrapolation of tangential fit of lines with slope 1.0 and slope 2.0 to the relevant portions
of the calculated curves (plotted points). When simulated over a wide range of photon fluences, all
our calculated curves contain a biphotonic (slope two) section and an apparently monophotonic (slope
one) section, even though all the data were generated using a stepwise biphotonic model. Curves (a)
through (c) represent different values of R, with a flash time of 20 ns: (a) R, = 100; (b) R, = 0.1;
(c) R, = 0.01. Curve (d) represents a 12 ns flash time with all other parameters the same as in curve
(c). The shaded areas are located on the x-axis so that they correspond to Navaratnam'’s light conditions
(upper area) and our light conditions from Fig. 3 (lower area). Their placement on curves (b) and (d)
demonstrate that a reasonable difference in R, at 347 nm and 355 nm can account for both our clearly
biphotonic measurements and the apparently monophotonic results of Navaratnam et al. (1978).

using the same parameters as 6c, including the same
fluence rate and the same R,, but with only a 12 ns
flash time. All four curves contain a linear region
with a slope of two at lower fluence rates and at
higher fluence rates a continuously varying region
whose slope decreases monotonically from two to
zero. A portion of the latter region (roughly 10%
to 80% conversion to the photoionized state) has
the form of a monophotonic or quasimonophotonic
line with an average slope of ca. one.

The slope n of the log [PI] vs log kA, curve at
any given point is related to the way the triplet state
population changes during the flash. If the triplet
state population increases throughout the duration
of the flash (Fig. 7a,b), n will be 2 for a biphotonic
process. If, however, the triplet state population
reaches and maintains a steady state during the
flash (Fig. 7d), information about steps involved in
reaching the triplet state will be lost, the photoioniz-
ation will look monophotonic, and n will be 1.
Intermediate values of n, between 1 and 2, will
result when the triplet population follows an inter-
mediate course, approaching but not actually reach-
ing a steady state, as in Fig. 7c.

The same fluence rate can give different values
of n for different molecular species, expecially if R,
varies from one species to another. At log k.; =

7, for example, n = 2 for molecules with R, = 0.01
or 0.1, but n = 1 for a molecule with R, = 100. In
Fig. 7a—d we have plotted the triplet state popu-
lation during the flash for a series of hypothetical
molecules with R, varying from 0.01 to 1000.

On the other hand, the entire range of values for
the slope can also be obtained for a single molecule
if the fluence rate can be sufficiently varied. For
example, in Fig. 6¢c (R, = 0.01), the slope is two,
and a plot of the triplet state population during the
flash would give a shape similar to Fig. 7a-b when
log k4, is in the range of 7 to 8. At log kA, = 8.7,
a plot of the triplet state population during the flash
would look similar to Fig. 7c, with n intermediate
between 1 and 2. When log k5, = 9.3, the triplet
state population reaches a steady state during the
flash (similar to Fig. 7d), and n = 1.

Note that it is the change in, rather than the
magnitude of, the triplet population that determines
the slope of the log [PI] vs log ka; curve. As long
as a steady state is reached during the flash, n = 1
whether the level of steady state triplet population
is 1% or 50%. For any given value of R,, a fluence
rate for the laser flash (expressed as k,,) can be
found that will give a slope of approximately one,
but the magnitude of the triplet population at the
end of the flash can vary (Fig. 7e-h). R, and T
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Figure 7. Simulated triplet state populations for a stepwise
biphotonic process during a 20 ns flash. “Triplet popu-
lation, percent’ is 100 x (number of triplet state mol-
ecules)/(total number of molecules in all states). Rate
constants were the same as for chlorpromazine in Table
1. In (a)-(d) k., is constant (corresponding to constant
photon fluence rate) while R, is varied from 0.01 (a) to
10 (b) to 100 (c) to 1000 (d). These rate constants corre-
spond to points on Log [PI] vs log k., plots in the slope
two region (a-b), in the intermediate region (c), and in
the pseudomonophotonic, slope one region (d). We chose
to hold k., constant rather than R, because with R, con-
stant the change in shapes is not readily visible on a single
scale graph. In (e)-(h) k., is adjusted to give a point in
the slope one region for various values of R.: (e) 0.01; (f)
0.1; (g) 1; (h) 10. Note that it is not the total triplet state
population that determines whether pseudomonophotonic
behavior will occur in the log [PI] vs log k., plot, but
rather the extent to which the triplet population has estab-
lished a reasonably steady state. Triplet state populations
during a 12-ns flash can be seen in the first 12 ns of each
curve.

interact to give the final value of n, with smaller R,
requiring higher fluence rates for pseudomonopho-
tonic behavior.

We varied several parameters other than R, and
I" to probe the sensitivity of our model. Shortening
the flash lowers the percentage of photoionized mol-
ecules after the flash without changing the general
shape of the log [PI] vs log ka, curve (compare Fig.
6c and d). Increasing the triplet state quantum yield
(not shown) slightly increases the photoionized
product concentration. Varying the fluorescence
lifetime [7¢ = 1/(kisc + kg)] has virtually no effect
on this time scale, nor does lengthening the triplet
lifetime (71 = 1/ky). Thus, the single most important
parameter in terms of effect on the results of the
simulation is R,.

Comparison of computer simulations with
experiments

We can account for both our slope two curve and
the slope one curve of Navaratnam et al. (1978) for

PAP 49/3-B

CPZ S,—8§, excitation using measured parameters
if we adjust R, in the model (Table 1). However,
if we could find a single set of parameters that could
simultaneously account for our data and those of
Navaratnam et al. (1978), we might be able to infer
the range for R.. The maximum photon fluencef
used in our work and that of Navaratnam et al. are
separated by only ca. 50%, so it is unlikely that our
different slopes can wholly be accounted for by the
different photon fluences alone. We can speculate
that because two different excitation wavelengths
were used, it is possible that er _p is greater at 347
nm than at 355 nm. (Note: €T, Pl is not necessarily
a triplettriplet absorption; it could be an absorption
from T, directly into the continuum of photoionized
states. Our model cannot address the question of
possible involvement of intermediate higher triplet
states.) The slope of a log [PI] vs log k4, plot could
be changed from one at the 347 nm excitation to
two at 355 nm (see shaded regions in Fig. 6) if
er,—pi, and thus R,, differs sufficiently at 347 nm
from its 355 nm value. Even if € g (347 nm) is
equal to ey g (355 nm), there will be a difference
in R, of a factor of two due to the two-fold differ-
ence in es .5 between these two wavelengths.
Thus, an additional factor of only two to four in
€r,p1 Would allow our model of the biphotonic
mechanism to account for both our data and those
of Navaratnam and coworkers (1978).

For promazine excited at 355 nm, our slopes of
1.4 and 1.1 are consistent with stepwise biphotonic
photoionization measured in the region of changing
slope. An example of this type of intermediate case
is presented in Fig. 7c.

In our spin-trapping experiments with PZ
(Motten ef al., 1985), we were not able to trap e
with steady state photolysis into either S; or S,
while the laser flash photolysis results appear con-
sistent with monophotonic photoionization from S,.

tLaser light intensity ([, units = mJ/pulse) was converted
to the rate constant k., (units = photons absorbed/
100 molecules solute/s) as follows:

_ 100[1-exp (—eC)]I,,
=T CNvi hv

where e is the extinction coefficient at the appropriate
wavelength (CPZ, €55 = 342, €:5; = 693; PZ, €355
= 50.5, €47 115, in units of M~' cm™'); C is the
concentration (0.5 mM in all cases); N is Avogadro’s
number; v is the volume illuminated (0.15 cm? in all
cases); and ¢, is the pulse width in seconds. At 355 nm
the laser light intensity at 100% power (I, = 22 mJ/
pulse) corresponds to a photon fluence of 7.9 x 10'®
photons/cm? in our 12 ns pulse experiments. In the 20
ns pulse experiments of Navaratnam et al. (1978), we
estimate the photon fluences to have been 1.1 x 10"
photons/fcm® at 100% power ([, = 30 ml/pulse).
Although the photon fluence in the two sets of exper-
iments are somewhat different, the actual photon flu-
ence rates (photon cm~2s™') are nearly the same due
to the different laser pulse widths.
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The discrepancy remains unresolved as yet, but
almost certainly relates to the different light con-
ditions used. However, as the discussion above illus-
trates, it may be extremely difficult to distinguish
between monophotonic and biphotonic mechanisms
in all but the most ideal cases. In the difficult cases,
as Lachish et al. (1976) point out, the steady-state
experiment might be a closer approximation to pho-
tochemical reactions of biological interest than flash
experiments.

CONCLUSIONS

We have demonstrated that photoionization of
CPZ during S, — S, excitation is stepwise bipho-
tonic. Our laser flash photolysis results with PZ
are less clearcut but are consistent with a stepwise
biphotonic mechanism. We have used computer
simulation of the intramolecular kinetics to account
for the apparent monophotonic ionization that has
been observed previously. The stepwise biphotonic
mechanism for CPZ photoionization through the S,
excited state illustrates the difficulty of interpreting
experimental results that are obtained with very
high light levels.

It should be kept in mind that these experiments
were done in aqueous solution. Since the photoion-
ization efficiency may change as the polarity of the
solvent changes (Navaratnam et al., 1978), it will
be important to extend these experiments to other
solvents.

The stepwise biphotonic photoionization of CPZ
and (probably) PZ when excited into S; (A > 300
nm) suggests that photoionization is not an import-
ant mechanism for the observed phototoxic and
photoallergic effects of these drugs in sunlight.
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