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pB-Carboline (8C) alkaloids are present in a wide range of biological systems and play a variety of significant
photodependent roles. In this work, a study of the aqueous solution-phase photochemistry, photophysics, and
spectroscopy of three important 3Cs [norharmane (nHo), harmane (Ho), and harmine (Ha)] and two SC
derivatives [N-methylnorharmane (N-Me-nHo) and N-methylharmane (N-Me-Ho)] upon one- and two-photon
excitation is presented. The results obtained depend significantly on pH, the ambient oxygen concentration,
and the SC substituent and provide unique insight into a variety of fundamental photophysical phenomena.
The data reported herein should not only help to understand the roles played by SC alkaloids in biological
systems but should also help in the development of methods by which the photoinduced behavior of these

important compounds can be controlled.

Introduction

fp-Carboline (BC) alkaloids are a group of heterocyclic
compounds with the structural unit 9H-pyrido[3,4-b]indole. The
structures of three SC alkaloids and two derivatives are shown
in Scheme 1. These alkaloids are widespread in biological
systems. They are found in many tropical plants as a normal
constituent of the seeds,' roots,? stems,’ and leaves.* ¢ Conse-
quently, they also occur as minor constituents in foods, alcoholic
drinks, cigarettes/tobacco smoke, etc.” In mammals, SCs occur
normally in plasma, platelets, and urine.® Moreover, it seems
that some are formed in the human body after alcohol intake
and smoking.’

It has been suggested that SCs participate in relevant
biological processes and pathologies,'>!'3 some of them induced
by light. Under UV-A irradiation, norharmane and harmane are
able to induce chromosome damage in mammalian cells,'*!
and to inactivate bacteria'®!” and viruses.'® In addition, it has
been proposed that the biological role of some SCs in plants
could be related with the defense response (i.e., phototoxic
effects) against insects, webworms, etc.'” Despite their acknowl-
edged importance, the main phytological role of these alkaloids
and the mechanisms involved in these processes are, to date,
nevertheless still poorly understood.

Although the photochemistry**~*’ and photophysics
these alkaloids have been extensively studied over the past two
decades, only a few studies have been performed in aqueous
media. In particular, only the photostability of norharmane in
aqueous solution has been described in detail.*® Adding to the
potential complexity of an aqueous study is the fact that, over
the pH-range 4—11, these alkaloids show an acid—base equi-
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SCHEME 1: Structures of the Five fCs Studied and the
Acid—Base Equilibrium with pK, ~ 7 in Aqueous
Solution'*!!
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“ The nitrogen of the indolic ring (i.e., R; = H; nHo, Ho, and Ha)
has a pK, value greater than 12.

librium characterized by a pK, value around 7 (Scheme 1).!%!!

Thus, these molecules are sensitive to physiological pH condi-
tions. Furthermore, although it has been proposed that, upon
irradiation, these alkaloids produce singlet molecular oxygen
(10,),* the superoxide anion (O,"") and hydrogen peroxide
(H,0,), only sparse and/or qualitative studies have been done.*’

In the present work, we set out to systematically examine
the pH- and oxygen-dependent aqueous solution-phase photo-
chemical and photophysical behavior of three SCs [norharmane
(nHo), harmane (Ho) and harmine (Ha)] and two C derivatives
[N-methylnorharmane (N-Me-nHo) and N-methylharmane (V-
Me-Ho)], upon one- and two-photon excitation (Scheme 2). To
our knowledge, the two-photon behavior of these compounds
has yet to be examined. Quantifying the nonlinear two-photon
optical behavior of these compounds can have significant
ramifications in mechanistic studies where the desire is to
selectively excite a SC alkaloid in a given biological system at
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SCHEME 2: Diagram of Pertinent Photoinduced
Processes”
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“1C and ISC denote internal conversion and intersystem crossing,
respectively. Depending on the sensitizer and its symmetry, the
simultaneous absorption of two photons may or may not populate the
same state as that created upon the absorption of a single higher-energy
photon.%*7

the exclusion of other endogenous chromophores (i.e., in a
system of multiple chromophores, one can often achieve better
discrimination when using two-photon excitation).

Experimental Section

Materials. Norharmane (nHo), harmane (Ho), and harmine
(Ha) (Sigma-Aldrich) were of the highest purity available
(>98%) and were used without further purification. The method
used to synthesize and purify N-methylnorharmane (N-Me-nHo)
and N-methylharmane (N-Me-Ho) has been published else-
where.*! All solvents were purchased from Aldrich (spectro-
scopic grade) and were also used as received.

The pH of the aqueous solutions was adjusted by adding drops
of HCI or NaOH solutions from a micropipet. For experiments
in which oxygen was removed by bubbling with Ar or N,, the
pH was adjusted after an initial period of bubbling to account
for any changes in pH associated with CO, loss. The concentra-
tions of the acid and/or base used for this purpose ranged from
0.1 to 2 M.

The ionic strength was approximately 107 M in all the
experiments. In experiments using D,O as solvent, D,O
(>99.9%; Euriso-top or Aldrich), DCI (99.5%; Aldrich) in D,0,
and NaOD (Aldrich) in D,O were employed.

Instrumentation and Approaches for Steady-State Experi-
ments. Elapsed Irradiation. Aqueous C solutions were ir-
radiated at 350 nm in 1 cm quartz cells at room temperature
with a Rayonet RPR lamp (bandwidth ~ 20 nm, Southern N.E.
Ultraviolet Co.). Experiments were performed in the presence
and absence of air, and oxygen-free solutions were obtained
by bubbling with Ar or N, gas for 20 min.

UV/Vis Analysis. Electronic absorption spectra were recorded
on a Shimadzu PC2101 spectrophotometer. Measurements were
made using 1 cm path length quartz cuvettes.

High-Performance Liquid Chromatography (HPLC). A
Waters 600E Pump Controller with a UV/vis photoarray detector
was used to monitor and quantify the photochemical reactions.
Aqueous solutions of commercial standards were employed for
the calibration curves. A Supelco-C18 column (250 x 4.6 mm,
5 mm) was used for product separation, the elution being
achieved with a solution of 80% MeOH and 20% H,O (pH =
3).

Quantum Yield Determinations. The quantum yields of
reactant disappearance (®Pg) were obtained using the following
equation:

J. Phys. Chem. A, Vol. 113, No. 24, 2009 6649

(d[R1/d1),
Y

a

ey

where (d[R]/d?), is the initial rate of reactant consumption and
P, is the photon flux absorbed by the reactant. For determining
the consumption rate, experiments were carried out using
solutions with an initial reactant concentration of 250 uM
(except for Ha at pH 10.0 where ~30 uM was used). Under
these conditions, the time evolution of the reactant concentration
followed a zero-order rate law over a period of time within
which the change of P, was negligible. In our experiments, this
condition was fulfilled at irradiation times less than 150 min.
The initial rates were obtained from the slope of the corre-
sponding plots of concentration vs irradiation time within this
time window.

Aberchrome 540 (Aberchromics Ltd.) was used as an
actinometer for the measurements of the incident photon flux
(Po) at the excitation wavelength. The general approach used is
described in detail elsewhere.*? Values of the photon flux
absorbed (P,), were calculated from P, according to the
Lambert—Beer law:

P, =Pyl — 107" )

where A is the absorbance of the sensitizer at the excitation
wavelength.

Detection and Quantification of H,0;. For the determination
of H,0,, a Cholesterol Kit (Wiener Laboratorios SAIC) was
used. H,O, was quantified after reaction with 4-aminophenazone
and phenol.*** Briefly, 400 uL of irradiated solution (UV-A,
350 nm) was added to 2 mL of reagent. The absorbance at 505
nm of the resulting mixture was measured after 30 min at room
temperature, using the reagent as a blank. Aqueous H,0,
solutions prepared from commercial standards were employed
for obtaining the corresponding calibration curves.

Fluorescence Measurements. Steady-state fluorescence mea-
surements were performed using a Horiba Jobin Yvon spec-
trofluorometer. Corrected fluorescence spectra were recorded
in a 1 cm path length quartz cell at room temperature.

Fluorescence quantum yields were determined from the
corrected fluorescence spectra, integrated over the entire emis-
sion profile, using both 9,10-diphenylanthracene (9,10-DPA) in
cyclohexane and quinine sulfate in 0.1 M H,SOy, as references
(®r = 0.95% and 0.577,% respectively). To avoid inner filter
effects, the absorbance of the solutions, at the excitation
wavelength, was kept below 0.10. ®g values obtained were
independent of the standard used.

Nanosecond Time-Resolved Experiments. Quantum yields
of photosensitized singlet oxygen production, @, were obtained
using a pulsed Nd:YAG laser as the excitation source (Agxc =
355 nm), looking at the 1270 nm 'O, phosphorescence with a
cooled germanium detector.*’” Experiments were performed by
comparing the magnitude of the integrated time-resolved 'O,
phosphorescence signal produced upon one-photon irradiation
of the molecule under study to that obtained upon one-photon
irradiation of a standard sensitizer (perinaphthenone-2-sulfonic
acid (PNS) in deuterated water with @, = 0.97 & 0.05%).474

Fluorescence lifetimes, tg, were recorded using a photodiode
(Thorlabs DET10A, 1 ns risetime) and monitored on a Tektronix
TDS5032B digital oscilloscope. The fluorescence decays were
extracted using a commercial deconvolution routine (Sound
Analysis 1.50D, Quantum Northwest). All lifetimes showed
single exponential decay kinetics.
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Femtosecond Time-Resolved Experiments. Details of the
system used have been published previously.*’ Briefly, femto-
second laser pulses were generated in a Ti:sapphire oscillator
(Tsunami, Spectra Physics) and amplified using a regenerative
amplifier (Spitfire, Spectra Physics). The output of the latter
was then used to pump an optical parametric amplifier (OPA-
800CF, Spectra Physics). The resulting pulses, approximately
130 fs fwhm*’ and 15 nm spectral width, were tuned to cover
the spectral range from 540—780 nm. The laser power was
controlled using a Glan-Taylor polarizer and neutral density
filters, and the light was focused and collimated prior to sample
illumination. The sample was contained in 1 x 1 cm quartz
cuvette mounted in a light-tight housing connected to a liquid-
nitrogen-cooled VIS/near-IR PMT (Hamamatsu R5509-42).
Sample luminescence was collected and spectrally isolated using
different interference filters. The PMT output was amplified and
sent to a photon counter (Stanford Research Systems model 400)
operated using a program written in LabView (National Instru-
ments).*’

Determination of the Two-Photon Absorption Cross Section
(8). The general approach used to quantify two-photon absorp-
tion cross sections, d, has been described previously.*’ Briefly,
for a given sample, 0 values were determined relative to a
reference compound for which d-values are known over a large
spectral range. As standards, we used both 2,5-dibromo-1,4-
bis(2-(4-(diphenylamino)phenyl)vinyl)benzene in toluene,*’ and
1,4-bis(2-methylstyryl)benzene in cyclohexane. %!

In all cases, fluorescence emission was used as the spectro-
scopic probe. For a given excitation wavelength, values of ¢
were quantified according to eq 3.5 For each sample, excitation
was performed at a number of different wavelengths to yield a
two-photon excitation spectrum (vide infra).

Is.q)F,R'nRPR2'CR

05 = Oy
IR'(DF,S'ﬂsPSZ'Cs

3)

In eq 3, the subscripts S and R refer to the sample and the
reference, respectively. I is the observed fluorescence intensity,
®r is the fluorescence quantum yield (all under air-saturated
conditions), P is the laser power, and C is the solute concentra-
tion. Finally, # is a parameter that reflects the relative collection
efficiency of the fluorescence, as calculated from the spectral
overlap of the optics used, the fluorescence spectrum, the
refractive index of the solvent, and the response of the PMT.>?

Results and Discussion

Stability of SCs under UV-A Steady-State Irradiation. The
photostability of the five SCs under steady-state irradiation with
UV-A light (350 £ 20 nm) was studied. Experiments were
carried out with solutions of SCs at pH 4.8 and 10.0, where
each C is present at more than 99% in the protonated and
neutral forms, respectively (Scheme 1). The absorption spectra
shown in Figure 1 indicate that the SCs have appreciable
absorption at 350 nm under both pH conditions.

HPLC analysis of the air-equilibrated solutions showed a
small decrease in SC concentration as a function of elapsed
irradiation time. The decrease followed zero-order kinetics
during the first 120 min of irradiation for all compounds under
both pH conditions (see Figure 2), except for the protonated
form of Ha (i.e., the pH 4.8 experiment) where zero-order
kinetics was followed only during the first 45 min of irradiation.
Taking into account the incident photon flux and the absorbance
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Figure 1. Absorption spectra of the five SCs studied recorded in
aqueous solutions: (a) pH = 4.8; (b) pH = 10.0.

of each C at 350 nm, the values of the quantum yields of SC
disappearance (®Pr) were calculated according to eq 1. Results
listed in Table 1 and 2 show that all compounds studied are
reasonably photostable in aqueous solution. For three of the
compounds (nHo, Ho, and Ha), ®y depends noticeably on pH
with the neutral form being more stable than the protonated
form.

In contrast, no significant changes in the absorption spectra
of these SC derivatives were observed after 120 min irradiation
of oxygen-free aqueous solutions under both acidic (pH 4.8)
and alkaline (pH 10.0) conditions (results not shown). These
data were corroborated by the results of an HPLC analysis (see
data in the Supporting Information) that also showed the ab-
sence of product formation. These results are consistent with
the reasonable expectation that, although extremely inefficient,
the photoinitiated degradation of these SC derivatives neverthe-
less depends on the presence of oxygen.

Fluorescence of fCs. Fluorescence spectra of both the
protonated and neutral forms of each SC were recorded
(exemplified using nHo and N-Me-Ho in Figure 3; additional
spectra can be found in the Supporting Information). The
corresponding quantum yields of fluorescence (®g), are listed
in Tables 1 and 2. In each case, values of ®g obtained using
excitation wavelengths over the entire range of the lowest-energy
absorption band were the same within the experimental error
(results not shown). Moreover, recall that independent data sets
determined in separate experiments against different standards
were indistinguishable from each other (see Experimental
Section).
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Figure 2. Evolution of SC concentration in air-equilibrated aqueous
solutions as a function of the elapsed 350 nm irradiation time.
Concentrations were assessed using HPLC analysis (Absorption
wavelength used for detection = 370 nm). Experiments were performed
at (a) pH = 4.8 and (b) pH = 10.0.

The results show that the protonated form of each alkaloid
has a rather large ®r value (Table 1). The data obtained are
consistent with the correspondingly low values for the quantum
yield of SC consumption (Py).

Values of ®p that we obtain for Ho and Ha are in good
agreement with those previously published.>>* In the case of
nHo, however, the @ value listed in Table 1 for an aerated
solution (0.70 £ 0.05) is slightly larger than a published value
(0.60 % 0.02) that has been suggested for use as a fluorescence
standard.?® To the best of our knowledge, emission spectra and
@r values of N-methylated SC derivatives dissolved in aqueous
solution have not previously been reported.
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Figure 3. Corrected fluorescence spectra of (a) nHo and (b) N-Me-
Ho in aqueous solution as a function of pH and O, concentration. For
a given compound, spectra were obtained for three oxygen concentra-
tions (i.e., Np-saturated, aerated, and O,-saturated) under acidic (group
of more intense spectra, solid lines) and alkaline (group of less intense
spectra, dotted lines) conditions. The excitation wavelengths were 370
and 348 nm for the pH 4.8 and 10.0 experiments, respectively. Spectra
of the other SCs are shown in the Supporting Information.

Fluorescence spectra in alkaline media (pH 10.0) were also
recorded (Figure 3). Under these conditions, the presence of an
extra pH-dependent emission band is particularly evident in the
spectra of N-Me-Ho, Ho, and Ha. The more intense of the two
bands has a maximum at the same wavelength as the band
observed from pH 4.8 solutions (i.e., at ~440 nm for the data
in Figure 3). Accordingly, this band is assigned to the protonated
form of the alkaloid. The less intense band, with a maximum
at ~350 nm, can be assigned to the neutral form of the SC.%

TABLE 1: Photochemical and Photophysical Parameters Determined upon One-Photon Excitation of SCs in Aqueous Solution,

at pH 4.8
pH = 4.8
10°DR" (air) D (Ny) D5 (air) D’ (0y) D¢ (air) DA (0y) 10°®Dyy,0," (air)
nHo 1.82 0.72 0.70 0.61 0.10 0.14 0.46
Ho 1.82 0.91 0.85 0.75 0.09 0.13 0.37
Ha 3.73 0.47 0.49 0.47 0.22 0.24 0.84
N-Me-nHo 0.66 0.79 0.75 0.66 0.10 0.14 0.38
N-Me-Ho 0.68 0.95 0.93 0.79 0.09 0.11 0.30

@ Error of £0.05 on the mantissa shown. ? Error of 4-0.05. ¢ Error of £10%.
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TABLE 2: Photochemical and Photophysical Parameters Determined upon One-Photon Excitation of fCs in Aqueous Solution

at pH 10.0
pH = 10.0
IOJ(I)R(I (air) (pr (Nz) (pr (air) (I)]:b (02) (I)A( (air) (I)A(' (02) 10361)]-{202(‘ (air)
nHo 0.51 0.22 0.21 0.18 0.08 0.10 0.12
Ho 0.53 0.49 0.47 0.41 0.10 0.13 0.14
Ha 1.63 0.39 0.38 0.36 0.13 0.13 0.37
N-Me-nHo 0.83 0.71 0.68 0.65 0.08 0.10 0.57
N-Me-Ho 0.67 0.74 0.68 0.61 0.10 0.10 0.47

@ Error of £0.05 on the mantissa shown. ? Error of 40.05. ¢ Error of £10%.

These results are consistent with the suggestion that, upon
excitation, the basicity of the SC pyridinic nitrogen is greatly
enhanced.”>° As such, even in pH 10.0 water, the excited neutral
PC species is readily protonated during the lifetime of its S,
state. In turn, the predominant emitting species is the excited-
state pyridinic protonated SC cation ([SCH™]*), not the excited-
state neutral form.

It is also important to note that the intensity of fluorescence
observed upon excitation of the neutral SC (i.e., the pH 10.0
experiment) is significantly lower than that of the respective
protonated form (i.e., the pH 4.8 experiment), as manifested in
a considerable difference in @ (Tables 1 and 2). This suggests
that only a fraction of the excited-state neutral form is protonated
to yield [BCH*]*, which then emits. The remaining excited
states formed apparently deactivate via internal conversion. This
is consistent with the singlet oxygen data independently obtained
(vide infra) as well as the pH-dependent data on reactive
consumption (vide supra).

Quenching of SC Fluorescence by O,. The fluorescence
intensity observed from all SCs studied depended on the ambient
oxygen partial pressure to which the aqueous solution was
exposed (Figure 3, Tables 1 and 2). The data clearly show that,
with an increase in ambient oxygen partial pressure, the quantum
yield of fluorescence decreases. This decrease was quantified
by steady-state Stern—Volmer plots (see Supporting Informa-
tion) of the ®p data as a function of the three oxygen
concentrations used (i.e., nitrogen-, air-, and oxygen-saturated
water, where [O;]y; = 0.28 mM and [Os]oxyeen = 1.33 mM),
yielding slopes of k4o ~ 1.4 x 10> M~" (with the exception of
Ha where smaller kq7, values were obtained;”’ see Supporting
Information). This observation is consistent with the diffusion-
limited quenching of S, states, a phenomenon that is entirely
in keeping with oxygen-induced deactivation of fluorescence.’®

To further substantiate the dependence of SC fluorescence
on the dissolved oxygen concentration, we investigated nHo in
a time-resolved Stern—Volmer quenching study performed at
pH = 4.8 (Figure 4). Under air-saturated conditions, 7r(nHo)
= 21.0 £ 1 ns, which is in excellent agreement with published
values obtained under similar conditions (22.0 & 0.1 ns).?° The
Stern—Volmer constant obtained from this exercise (130 £ 11
M) is entirely consistent with that obtained from the inde-
pendent steady-state experiment (138 &= 7 M, see Supporting
Information) and yields a quenching rate constant of k; = (6.0
+ 0.6) x 10° M~' s7!, which is reasonable for a diffusion-
limited process in water.>

It is interesting to note that for N-Me-Ho at pH 4.8, in
particular, the oxygen-concentration-dependent decrease in ®g
was not accompanied by a corresponding increase in the
quantum yield of singlet oxygen production, ®, (vide infra and
Tables 1 and 2). For this compound, ®r is comparatively large
and Pg(air) + P, ~ 1. Under the reasonable assumptions that
(1) the BC T, state is the principal precursor to 'O, and (2) the

1.20
_ _ 1
Ko, =k7,=130:11M

1.15+

1.104

t0/1:
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T T T

0.0 05 10 15
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Figure 4. Dynamic Stern—Volmer study of the quenching of nHo
fluorescence by oxygen at pH = 4.8.

fraction of T, states quenched by oxygen that produce 'O, is
comparatively large (i.e., SA — 1), these data suggest that
oxygen-induced S;—T,; intersystem crossing must not be a
significant process. Rather, it appears that oxygen-induced S;—S,
internal conversion may play a competing role.

It is well-documented that, in organic molecules, oxygen-
induced deactivation of the S; state proceeds via S;—T,
intersystem crossing.’ To our knowledge, only one exception
to this general rule has thus far been suggested: 9,10-dipheny-
lanthracene.®! As such, these SC systems may provide an
interesting and important perspective on the coupling of spin
states in the oxygen—organic molecule photosystem. Clearly,
more work needs to be done to properly elucidate this aspect
of our present results.

Our results are also significant because these SC molecules
have been proposed as fluorescence standards.?®* Specifically,
given that the SC fluorescence intensity can depend significantly
on the ambient oxygen concentration, care must be exercised
when fluorescence data are obtained against these molecules.
Otherwise, data may be incorrectly interpreted and erroneous
conclusions may be drawn.

Quantum Yield of SC Sensitized 'O, Production (®,) in
Aqueous Solution. It has been proposed that SC alkaloids are
excellent 'O, photosensitizers.'*®> Becker et al.>* measured
values of ®, for some SCs (nHo, Ho, and Ha) in nonprotic
organic solvents, and found ®, values for the neutral form of
these alkaloids that ranged from 0.31 to 0.40. To the best of
our knowledge, data in aqueous solution have only been
recorded for Ho; a @, value of ~0.03 was obtained at pH 7,
where a mixture of both acid—base forms of Ho is present.?-6364
This value was subsequently corrected to yield ®, ~ 0.08.

We determined quantum yields for the photosensitized
production of 'O, for the five SCs studied in aqueous solution.
The data were recorded as a function of both pH and ambient
oxygen partial pressure (i.e., exposure to air and oxygen). The
results, shown in Tables 1 and 2, indicate that both acidic and
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Figure 5. Evolution of the HO, concentration in irradiated solutions
(a) pH 4.8 and (b) pH 10.0.

basic forms of these SCs are rather poor 'O, photosensitizers
in aqueous solution. In the case of Ho, the ®, values listed in
Tables 1 and 2 (~0.1) are similar to the corrected value reported
in the literature (~0.08).

It is important to note that, on one hand, the values of @,
obtained are entirely consistent with the values of @ that were
recorded at the same oxygen concentration in independent
experiments (i.e., the sum of ®, and ® does not exceed 1.0).
On the other hand, and as discussed in the preceding section,
some of the molecules in this SC system appear to show unique
oxygen-concentration-dependent behavior. Specifically, with an
increase in the oxygen concentration, the observed decrease in
®r is not accompanied by a corresponding increase in ® 5. Thus,
we conclude that oxygen-induced S;—S, internal conversion
may play a role in these systems.

Hydrogen Peroxide Production under UV-A Steady-State
Irradiation. The presence of HO, was detected upon irradiation
of air-equilibrated solutions of all the SCs studied, both at pH
4.8 and 10.0. Figure 5 shows the evolution of the concentration
of H,O, as a function of elapsed irradiation time ([5C], = 250
uM). Because of the low solubility of Ha in water at pH 10.0,
the experiments with this SC were performed using a 25 uM
solution (see Supporting Information). All H,O, experiments
were carried out under the same experimental conditions as those
used for the determination of the quantum yield of SC
disappearance, @y (vide supra).

The production of H,O, upon UV-A irradiation of 5Cs has
been reported.®® In an earlier study of nHo,?® it was proposed
that H,O, is formed by electron transfer from S to O, yielding
the superoxide anion (O,"") and, as a result of the spontaneous
disproportionation of O,"", H,O, is produced. This may indeed
be one source of H,0, that is applicable in our present work.

Quantum yields of H,O, formation listed in Tables 1 and 2
show that all compounds studied have a very low efficiency of
H,0, production upon irradiation. For three of the compounds
(nHo, Ho, and Ha), ®y,0, depends noticeably on pH with the
neutral form being less efficient than the protonated form. For
these three compounds, this pH-dependent effect also correlates
with the pH-dependent response of ®g, suggesting that H,O,,
or compounds related to its formation (e.g., HOO® or O,""), may
be involved in the photoinitiated degradation of these Cs.

PC Photophysics upon Two-Photon Excitation. Two-
photon excitation of a given chromophore offers a number of
unique features as compared with one-photon excitation. With

[H,0,] (uM)
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of SC (250 uM) as a function of irradiation time. Experiments performed at

respect to imaging and/or initiating reactions in localized
domains, two-photon excitation in the small focal volume of a
focused laser beam can impart remarkable spatial resolution.%~%
In media that consist of multiple chromophores (e.g., a biological
cell), two-photon excitation of a chromophore with a compara-
tively large transition probability (i.e., the so-called two-photon
absorption cross section, ¢) can impart remarkable selectivity
to the process of light absorption. With these points in mind,
we wanted to characterize two-photon light absorption by SCs
and to quantify the wavelength-dependent magnitudes of o.

(a) Two-Photon Excitation Spectra and Absorption Cross
Sections of nHo, Ho, and Ha. Experiments were performed
using three SCs (nHo, Ho, and Ha) and, with these molecules
dissolved in water at pH 4.8 and 10.0, it was indeed possible to
observe two-photon induced fluorescence signals in photon
counting experiments performed at several irradiation wave-
lengths. In each case, the fact that excitation was achieved via
a two-photon process was verified in a plot of the observed
signal against the laser power that showed a quadratic depen-
dence (e.g., Figure 6a).

The two-photon fluorescence excitation spectrum and the one-
photon absorption spectrum for nHo at pH = 4.8 and at pH =
10.0 are shown in Figure 6b,c, respectively. To facilitate
comparison between the one- and two-photon spectra, the x-axis
shows the total transition energy. As such, it is important to
keep in mind that the actual two-photon experiments are
performed at twice the wavelength shown, in a spectral region
where there is no competing one-photon absorption.

Upon examination of the data in Figure 6b,c, we note the
striking similarities between the one- and two-photon spectra.
Such similarity was seen for all three SCs under both acidic
and basic conditions (see Supporting Information for the spectra
obtained from the other two molecules). This observation is
arguably expected since these molecules are noncentrosymmetric
(i.e., they do not possess a center of inversion).® In this
circumstance, selection rules dictate that the same states will
be populated upon both one- and two-photon absorption.”

The J-values, as quantified according to eq 3, are collected
in Table 3. In general, the SCs studied are comparatively poor
two-photon absorbers, with d-values around 1 GM. Neverthe-
less, a rather large substituent-dependent change is observed,
both in the apparent A, and in the magnitude of O at this 4.
Moreover, for a given compound, the acidic form generally
appears to be a better two-photon absorber than the basic form.
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Figure 6. (a) Double logarithmic plot of the fluorescence intensity
against the incident laser power upon 641 nm irradiation of a pH =
4.8 aqueous nHo solution. A least-squares fit to the data yield a slope
of 2.0 £ 0.1. A slope of 2 is characteristic of two-photon excitation.
(b) One-photon absorption spectrum (solid line) and two-photon
excitation spectrum (filled circles) for nHo at pH = 4.8. (c) One-photon
absorption spectrum (solid line) and two-photon excitation spectrum
(filled circles) for nHo at pH = 10.0. In both panels b and c, a dotted
line connects the two-photon data points to help guide the eye. The
x-axis denotes the total transition energy (i.e., the two-photon experi-
ments were performed using excitation wavelengths two times larger
than those shown on the axis). Corresponding data for the other SCs
studied are shown in the Supporting Information.
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This latter phenomenon could reflect a pronounced increase in
the extent of internal charge-transfer (CT) character in the
protonated form. It is known that internal CT character can
enhance the transition dipole moment and, in turn, be reflected
in a larger value of 0.”!

Finally, we note that the short-wavelength limit for these two-
photon spectra (540 nm) was determined by the calibrated
spectrum of the reference molecule used. We nevertheless expect
that, as the excitation wavelength is decreased below 540 nm,
these SCs will have pronounced two-photon absorption that
progressively gets larger. Such a wavelength-dependent increase
in 0 is expected as a consequence of the phenomenon of
resonance enhancement.”>”7* Specifically, at these shorter
wavelengths, the two-photon transition will borrow intensity
from a near-resonant one-photon transition and, thereby, gain
intensity. Resonance enhancement is expected to be pertinent
down to around 400 nm, at which point the onset of one-photon
absorption generally begins for these compounds.

(b) Singlet Oxygen Production by the Protonated Form of
Ha upon Two-Photon Excitation. Despite comparatively small
values of both @, and ¢ (vide supra), we wanted to establish,
as a proof of principle, if it was possible to produce and optically
detect singlet oxygen following two-photon absorption of a SC.
The success of such an experiment could have significant
ramifications in mechanistic studies of the roles played by SCs
in biological systems.

Clearly, a salient factor in this experiment is the product of
the quantum yield of singlet oxygen production and the two-
photon absorption cross section. As such, we opted to excite a
pH = 4.8 solution of Ha at ~660 nm; these are conditions that
should yield the largest two-photon induced singlet oxygen
phosphorescence signal (Tables 1 and 3). Moreover, the
experiment was performed in D,O to take advantage of the well-
known solvent isotope effect to increase the singlet oxygen
phosphorescence efficiency.”

As shown in Figure 7, we indeed succeeded in obtaining a
singlet oxygen signal that increased quadratically with the laser
power. As expected, the intensity of this signal increased with
an increase in the partial pressure of ambient oxygen (Figure
7) and the magnitude of this increase is, within the errors
afforded by the experiment, in keeping with the singlet oxygen
quantum yield data in Table 1. For the sample saturated with
nitrogen gas, the signal observed was comparable to our
background signal.

The data in Figure 7 demonstrate that an appreciably large
and readily detectable singlet oxygen phosphorescence signal
can indeed be generated upon two-photon excitation of a SC.

Conclusions

Data have been presented to show that studies of -carboline
(BC) alkaloids in aqueous media provide a unique opportunity
to examine a variety of fundamental photophysical phenomena.
Moreover, the information gained facilitates efforts to further
elucidate the roles played by these important compounds in a
range of biological systems.

When considering all the material provided in this report,
four key points arguably rise to the surface:

(i) The photochemical, photophysical, and spectroscopic
behavior of SCs in aqueous solution clearly depend on the SC
molecular structure, the pH, and the concentration of dissolved
oxygen. This is an important point to keep in mind when
considering the roles played by SCs in natural systems.

(ii)) A given BC can have a non-negligible two-photon
absorption cross section, 0, in a spectral domain that is
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TABLE 3: pH-Dependent Two-Photon Absorption Cross Sections (d) of three fCs at Seven Different Wavelengths

6540nm (GM)a 6560nm (GM) 5600nm (GM) 664]nm (GM) 6700nm (GM) 6750nm (GM) 6780nm (GM)
nHo (pH 4.8) 1.42 0.70 1.35 0.20 0.35 0.43 0.22
nHo (pH 10.0) 0.60 0.85 0.073 0.22 0.26 0.012 1.1 x 1073
Ho (pH 4.8) 1.21 0.63 1.30 0.18 0.39 0.35 0.093
Ho (pH 10.0) 0.48 0.47 0.054 0.14 0.12 3.6 x 1073 1.3 x 1073
Ha (pH 4.8) 1.92 0.55 2.83 8.22 2.61 0.54 0.039
Ha (pH 10.0) 1.03 1.76 0.71 0.44 2.7 x 1073

@1 GM = 107" cm* s. Error on each number is +20%.
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Figure 7. (a) Singlet oxygen phosphorescence counts obtained from
a D,0 solution of 180 uM Ha at pD 4.8 upon two-photon excitation
(Aexe = 660 nm) under different atmosphere conditions. The data reflect
an integral of the time-resolved 'O, signal. (b) Double logarithmic plot
of the '0,-phosphorescence counts versus the energy of the laser.

significantly red-shifted relative to that for one-photon absorp-
tion. Although the magnitude of this 0 depends on the solution
pH and on the SC substituent, this phenomenon could neverthe-
less provide added flexibility and control in mechanistic studies
of SC behavior in complex systems.

(iii) Although the efficiency of sensitized singlet oxygen
production upon two-photon excitation of a given SC is
comparatively small, as expressed by the product of 6 and ®,,
the singlet oxygen formed under these conditions can neverthe-
less be spectroscopically observed by its weak 1270 nm
phosphorescence. This likewise provides added flexibility to a
mechanistic study of SC behavior in complex systems.

(iv) Selected SCs may provide an exception to the rule that
oxygen-induced deactivation of the S; state in organic molecules
proceeds via S;—T) intersystem crossing. Data provide herein

indicate that, for some Cs, oxygen-induced S, deactivation may
proceed by S;—S, internal conversion. This observation may
provide important insight into features that facilitate the coupling
of spin states in the oxygen—organic molecule photosystem and,
in turn, contribute to a better understanding of induced spin-
forbidden transitions in general.
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