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Abstract

Low temperature phosphorescence spectra, quantum yields and lifetimes, and room temperature triplet—triplet absorption spectra and
lifetimes have been obtained for the neutral and cationic forms of the ghacaebolines: harmine (Hi), harmane (Ha) and norharmane
(NorH). Based on the phosphorescence spectra, the energies of the lowest triplet states are 25 250 (Hi), 24 750 (Ha) and:Z#l46i8)cm
for the neutral forms and 22 900 (Hi), 21 750 (Ha) and 21 850%¢NorH) for the corresponding cations. Phosphorescence quantum yields
are in the range 0.4 and 0.6 for the neutral forms, and are found to decrease on protonation, while phosphorescence lifetimes vary from
3.15 s for the neutral form of Hi to 6.89 s for the cationic form of NorH. In all the cases, the lowest excited triplet state is suggested to
have3(m, *) character. For several of the systems, the sum of emission yields is less than 1, indicating that internal conversion may
also be an important deactivation route for the lowest excited singlet state. Microsecond flash photolysis studies show that the triplet
states of all three carbolines undergo acid—base equilibria in water Witlvgdues in the region 4.4-5.0 at room temperature. In water
and ethanolic solutions, the cationic forms show two absorption maxima at ca. 450 and 580 nm, while the neutral forms have only one
absorption maximum in the visible spectral region at ca. 510 nm. In nitrogen purged solutions, triplet state lifetimes are 530 (Hi), 380 (Ha)
and 60Qus (NorH), and the triplet states are quenchegmarotene with rate constanitgav) = 3.3(+£0.9) x 10° M~1s1 close to but
slightly lower than those expected for a diffusion controlled process. © 2001 Published by Elsevier Science B.V.
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1. Introduction sensitisation by the triplet state of the neutral form of the
B-carboline.

The B-carbolines are a group of naturally occurring alka-  Extensive investigations have been carried out on their
loids with a tricyclic pyrido(3,4-b)indole ring system [1,2]. fluorescence in aqueous [12-23,48] and organic [24-30]
Much emphasis has been focussed on the spectroscopy angolvents. Because of their attractive emission properties,
photophysical properties of these systems. In large part,their use has also been proposed as fluorescence stan-
this is associated with their known phototoxic effects to- dards [16]. Their behaviour in water-in-oil microemulsions
wards various organisms [3-6]. They have been shown tohas also been studied [31,32] to try to understand parti-
act as photosensitisers in the presence of oxygen to pro-tioning in biological systems. Th@-carbolines undergo
duce both superoxide radical anion [7,8] and singlet oxygen acid—base equilibria, and because of large differences in
[7]. Their phototoxicity also appears to be strongly asso- charge density in the ground and lowest excited singlet
ciated with the diffusion of these molecules into lipophilic ~states [26], there are marked differences in the effects of pH
regions of cells or other biological targets [5]. Solubility on their absorption and fluorescence spectra [12-15,18,20—
and partitioning studies show that the neutral forms of the 23,48].

B-carbolines have strong affinities for hydrophobic domains  Although different interpretations have been given for
[9-11]. We thus feel that one of the major phototoxic pro- the kinetics of excited state proton transfer [21,22,48],
cesses in vivo involves reactions of singlet oxygen, or other there is a general consensus on the equilibria involved.
reactive oxygen species, with substrates following photo- Depending upon pH and solvent, it is suggested that the
compounds can exist in four forms: the cation, the neutral
form, a zwitterion (or an alternative quinone-type canonical

* Corresponding author. Tek:351-239-852080; faxt351-239-827703.  10rm), and an anion. In the pH range used here (0-12.5),
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Fig. 1. Spectra of3-carbolines used in this study: (a) and (b) absorption spectra of neutral and cationic forms; (c) and (d) fluorescencespggta (
337 nm) of neutral and cationic forms, respectively.

cationic forms. In emission, fluorescence from cationic, spectra of each compound in the neutral and protonated
neutral and zwitterionic forms can be observed over this forms.
pH range [22,23,26]. The anion is not observed in ei-
ther absorption or emission at pH values less than 13.5
[14,23]. 2. Experimental

In contrast to the situation with the ground and lowest
excited singlet state, relatively little has been published 2.1. Materials
on the triplet states of3-carbolines [33-36]. This is a
surprising omission, considering the possible role of sin- Harmine, harmane and norharmane were used as pur-
glet oxygen in the phototoxic action of these molecules chased (Aldrich). Solvents and other reagents were of the
[3-7,37]. In this work, we report results from studies of purest grade commercially available and were used without
low temperature fluorescence and phosphorescence emisfurther purification. Solutions were prepared with typical
sion spectra, and room temperature microsecond flashconcentrations % 10-°-10 x 10~°>M for both lumines-
photolysis of the threeB-carbolines harmine, harmane cence and flash photolysis. In some cases, these were
and norharmane, with particular emphasis on the naturelimited by solubility problems. The following glasses, with
and dynamics of the lowest excited triplet state. Fig. 1 compositions given in v/v ratios, were used for low tem-
shows the absorption and room temperature emissionperature work: diethylether:ethanol:ammonia (28% solution
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in water) (10:9:1) (glass A), ethanol:hydrochloric acid 4.2F . . . . - ™
(37% solution in water) (19:1) (glass B), ethanol:methanol a6l @ |
(1:1) (glass C), methylcyclohexane:pentane (4:1) (glass D) ’
[38]. 301 —»—Hi 1
2.2. Methods < 7 o
2 18t i
Room temperature and 77K emission spectra were g 12l |
obtained using a Jobin-Yvon JY3 D spectrofluorimeter s
equipped with a Hammamatsu R928 photomultiplier. Spec- 0.6 1
tra were corrected using a Rhodamine B quantum counter ool . . . e —
and Kodak white reflectance standard. 77 K spectra were 300 350 400 450 500 550 60O
obtained using a custom-made quartz dewar with samples A (nm)
contained in borosilicate glass NMR tubes. Microsecond
flash photolysis studies were made with a standard Ap- 2.4 ' . . , .
plied Photophysics 200 J instrument (pulse duratiopd0 L
given as the flash half-peak height), Wisbcm toluene 20k ® |
(cut off wavelength < 280 nn) filters to minimise pho- L R
todegradation due to UV excitation. The photolysis solution __ 1.6+ NorH | 1
(~30ml) was contained in a 10cm path length cell. So- 2 r ——Ha
lutions were purged with nitrogen for 30 min to remove ; 1.2r 1
oxygen before beginning the experiments and maintained % I
under an atmosphere of nitrogen throughout the experiment. £ 0.8 1
Data were collected on a Gould OS470 oscilloscope and ™~ 04'_ ]
analysed on a BBC Archimedes computer. ’
0.0 A \ | OEBENE g
400 450 500 550 600
3. Results and discussion A (nm)

Fig. 2. (a) Total emission spectra (fluorescence and phosphorescence,
Jexcitation 337 Nm) of harming1.7 x 10-5M), harmane(3.8 x 10~°M)

. L and norharmang3.0 x 10~°>M) in diethylether:ethanol:ammonia (glass
Fig. 2a shows the total emission (fluorescence and ay at 77k; (b) phosphorescence spectra of the above systems.

phosphorescence) spectrum for all three sensitisers in the

alkaline glass A where only the neutral ground state is

present. Fig. 2b shows the phosphorescence spectra on|ypbserved for both the neutral and cationic forms indicate
obtained by gating-out the short-lived fluorescence. Sim- that in both cases the emission is from a triptetr™ state.
ilarly, Fig. 3a shows the total emission spectra for all ~Emission is from a single species only, the cationic and
three compounds in the acidic glass B, where only the neutral forms, respectively, in both the acidic and alkaline
cationic ground state is present, while Fig. 3b shows the glasses. However, in ethanol/methanol the situation is more
phosphorescence spectra. From the onset of the phoscomplicated. In this solvent system, for Ha both emission
phorescence, energies of the lowest triplet states of HasPpectra and phosphorescence lifetime indicate that emis-
(neutral 24750cm!, cation 21750cm!), NorH (neu- sion is predominantly from the neutral form, but for Hi
tral 24400cm?!, cation 21850cm?!) and Hi (neutral and NorH the phosphorescence spectra show significant
25250cnt?!, cation 22900cm?) were estimated. Other  contributions from both neutral and cationic form. Phospho-
low temperature emission data for both glasses are collectedescence lifetimes are wavelength independent indicating
in Table 1. Whilst Hadley et al. [33] was not sure whether €equilibration between cationic and neutral forms on the
the phosphorescence observed in their systems were du@bservation timescale. A Comparison of the lifetime data
to neutral or cationic forms of tha_carboﬁneS, it is clear indicates a cationic/neutral ratio of 1.26 for Hi, 1.06 for Ha
both from the strong similarities between their spectra and and 1.61 for NorH.

those seen by us in alkaline glasses, and the fact that their

phosphorescence lifetimes are in perfect agreement with3.2. Flash photolysis

our values for these glasses that they were looking at the

emission from the neutral form of thg-carboline triplets. 3.2.1. General observations

Our value for the phosphorescence lifetime of norharmane Flash photolysis of these compounds in nitrogen purged
is also in reasonable agreement with the value given by solution in a variety of solvents generates a transient species
Tomas et al. [34]. The long phosphorescence lifetimes which absorbs throughout the visible spectrum and which

3.1. Luminescence
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2} : . nature of the long-lived transient is unclear, although it may

be due to photodegradation since, under those conditions in
which this transient was most prominent, a slight residual

1 . colouration of the solution could be observed after repeated
exposure to the excitation flash. In aerated solution, no tran-
sients with lifetime in the microsecond to seconds timescale
can be observed.

Intensity (a.u.)

O ! !
450 500 550 600
A (nm)

3.2.2. Kinetics
Fig. 3. (a) Total emissior_] spectra (fluorescence and phosphorescence, The main part of Fig. 4 shows typical decay curves of
Aexciation 337 nm) of harmine(1.3 x 10 M), harmane(4.0 x 10°° M) the fast component of harmine at two wavelengths, together
and norharmanés.2 x 107> M) in ethanol:hydrochloric acid (glass B) at . L e s .
77K; (b) phosphorescence spectra of the above systems, normalised withW'th_ the e_Xponem'al fit for the initial part Of_ the decay, while
the relative intensities proportional to the quantum yields. the inset illustrates the fast and slow transients treated as two

exponentials, with lifetimes 570s and>2.75 ms. Since we

do not know whether the slow component follows strictly
decays within ca. 5ms. The transient spectra are both pHfirst-order decay, and the two lifetimes are rather different,
and solvent dependent. In some studies, particularly thosewe have chosen to treat these two species as kinetically dis-
using DMSO as solvent, a second longer lived transient tinct. For the case of harmine, the lifetime calculated for
was also observed as a weak, broad structureless absorptioa single exponential decay (588) is, within experimental
throughout the visible spectrum and which decays over aerror, identical to that obtained from the biexponential treat-
much longer timescale. As will be discussed below, we be- ment, justifying this approach. Although the transient spec-
lieve that the short-lived transient is the sensitiser triplet. The tra depend upon pH and solvent for any given conditions,

Table 1

Low-temperature fluorescence and phosphorescence dagadarolines in organic glasses at 77 K

B-Carboline Solvent species L.T. fluorescence yield ¢g/¢p L.T. phosphorescence yiéld OF + dp TphosphorescencéS)
Hi NP 0.46 0.74 0.62 1.08 3.15

Hi ce 0.51 2.7 0.19 0.70 3.96

Ha NG 0.32 0.81 0.42 0.74 5.70

Ha c 0.76 34 0.22 0.98 6.05

NorH NP 0.30 0.70 0.43 0.73 4.27

NorH ct 0.62 4.0 0.16 0.78 6.89

2Phosphorescence guantum yields have been obtained by measurement relative to fluorescence intensities and quantum yields making the assumpt
that the fluorescence guantum yields are independent of temperature.

bNeutral in diethylether:ethanol:ammonia (28% in water) matrix.

¢ Cation in ethanol:hydrochloric acid (37% in water) matrix.
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Tab|e 2 T T T T T T T
Triplet state lifetimes of3-carbolines and rate constants for quenching 7
by B-carotene on flash photolysis of solutions at room temperature

B-Carboline 7 (nS) kg M~1s™h
Hi 530 33(£1) x 10°
Ha 380 23(+1) x 10°
NorH 600 40(£1) x 10°

the decay rate for the fast component is constant across the 0.00 b . . . ! .
visible spectrum. 400 450 500 550 600 650 700 750

For all three compounds in ethanol, the fast transient was A (nm)
dynamlca”y quenChed bﬁ-carotene Wlth_ a rf”‘te constant Fig. 6. Transient absorption spectra observed following flash photolysis
close to but rather lower than that for a diffusion-controlled of aqueous solutions of harmin@.9 x 10-5M) at various pH values
process (Table 2). We assign the short-lived species to thebetween 0 and 6.
triplet state on the basis of the near diffusion controlled

guenching byB-carotene, the lack of any transients under . . .
aerated conditions, and as will be discussed later, the Sim_termedlate PH values. As the pH is increased, the transient

ilar acid/base behaviour observed using phosphorescenc@ﬁsorp?on ghagge?:lrél(‘)ormdfrgégthat Itn acid so:utlon,TV\;]h|cr;
and transient absorption spectra in neutral alcohols. How- > OVL/)S v(\go tggosa . Iliml' Wi _nT’ oatfr?ec rumbW|_ o;y
ever, 3-carotene was found to have no effect on either the onebanda nm in alkall. Vve interpret (nése as being due

magnitude or the lifetime of the long-lived species. Hence to the presence of protonated and neutral triplet, respectively.

we can say that the long-lived species is not produced as aThere are no.|nd|.cat|ons of forma}thn of any excited tangt
state of a zwitterion, although this is an important species

consequence of the decay of the triplet state. The fact that it; . ) }
is not produced in aerated solutions suggests that it cannot" the lowest excited singlet state [23,26]. Fig. 7 shows the

simply be a product of photoionisation of tigecarboline. variation in absorption for harmine as a_function of pH_at
Attempts to determine the nature of this long-lived species 580nm and the corresponding Iogant.hmlc plot, from which
have, so far, proved elusive. Although there may have been? FKa value_ of 4.4¢0.1) can be obtqmt_ad. The.pH_ depen-
a very weak residual absorption following decay of the dent behaviour of Ha and NorH are 5|m.|lar and indicat p
long-lived species, studies of the effect of light intensity on values of 45+0.5 anq SOi, 0.5, respectively. These values
this component proved inconclusive. However, since our can be compared withiy's of 7-8 for the ground state

primary goal has been to characterise the triplet state, andand ca. 13 for the lowest excited singlet state .Of these com-
this species does not arise from decay of the triplet, we pounds (Scheme 1). These results suggest either that there

. are marked differences in the electron distribution in the S
have not pursued it further. o o .
P and T; states, or that for kinetic reasons it is not possible to

3.2.3. pK transitions in water reach thermodynamic equilibrium in the State. In organic

Fig. 5 shows transient spectra at pH 0 and 10 for Hi

recorded 0.2 ms after the flash; Fig. 6 shows spectra at in- Lo T T T ' T T

0.035
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, 0.025]
E
3 0.020
0.015

0.05 T T , . 0.5

0.0

A= 580 nm

0.04 g oslh 1 2 3,»}14 5 6 7
)
0.03 < 10}
ﬁ 15+
0.02
20F E

3.5 4.0 4.5 5.0 5.5 6.0 6.5
pH

0.01

0.00

L ! L L Fig. 7. Changes in absorbance at 580nm with pH (inset) and
400 500 600 700 corresponding logarithmic plot for Ky determination following
A (nm) flash photolysis of aqueous solutions of harmif29 x 107°M).
a = (AAbsg — AAbs), b = (AAbs— AAbS)), where AAbst andAAbsy
Fig. 5. Transient absorption spectra observed following flash photolysis correspond to the pure cationic (pH 1.0) and neutral (pH 7.0) forms, re-
of aqueous solutions of harmin@.9 x 10->M) at pH 0 and 10. spectively, andAAbs is the absorbance change at intermediate pH values.
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XN due to the small energy separation, there is sufficient popu-
lation of thel(n, 7*) state to allow this to become involved
R N N in these processes, or that there is extensive mixing of the
H R, I(w, w*) and(n, 7*) states. Lim [46] has discussed such
mixing for close lying states in terms of vibronic coupling,
(1) Harmine Ri=CH3 Ry=OCH;3 pKa=8.0 pKa(S1)=12.9 and Olba et al. [25] have given good evidence that this type
of interaction is involved in the “proximity effect” observed
(2) Harmane  R;=CH3 Rp=H  pKa=7.7 pKa(S1)=12.8 in the photophysical properties of norharmane.

3) Noth Ri=H Ry=H  pKe=72 Sp=13.0 . . .
(%) Norharmane R, 2 Pha PKa(S1) 3.2.4. Time-dependent transient spectra in ethanol

Scheme 1. In further studies of the triplet properties of the neutral and
cationic forms of these compounds, transient spectra have
been obtained in alkaline ethanol, acidic ethanol, and neutral

solvents, it has been shown that the acid—base equilibria ofethanol. Fig. 8 shows spectra obtained 0.2 ms after the ex-
a series of3-carbolines are not established within the life- citation flash for all three sensitisers in alkaline ethanol. In
times of their lowest excited singlet states [30] whilst the all the cases, the spectra are similar to that of Hi in aqueous
complex kinetic scheme observed with the excited singlet alkali, and show just one major band in the visible spectral
state of harmine in aqueous solutions also suggests that theegion with Anax at ca. 500 nm and weaker absorptions to
fast relaxation processes preclude the establishment of theeither side. Spectra obtained in neutral ethanol are shown
true thermodynamic equilibria [23]. However, calculations
[30], using the Forster cycle [39] suggest that the trig p
values for the excited singlet states of these compounds

may be even higher than those observed experimentally. It 0051 —*— Hivvon

—— Ha +NzOH

would thus seem that the differences in acid—base behaviour

——o— NorH +nwon

between the §and T; states must be related to differences 0.04 i
in electron distribution. It is suggested from theoretical cal-

culations and the magnitude of the molar absorption coeffi- 0.03 1
cient [26,33] that the lowest excited singlet state hras™ 5

character in these compounds in polar solvents. The separa-  0.02
tion between the lowes{(mw, =*) and!(n, 7*) states for Ha

and NorH is very small#1000 cnt1), and as was first re- 0.01 |-
ported for chlorophyll [40] and has since been observed with
closely relatedN-heterocyclic systems having more than 0.00 L— L L L
one ring, such as quinoline [41] and indole [42], the relative 400 450 500 550600 630 700
energies for thé'(n, 7*) and X(w, =*) states are strongly
solvent dependent. Indeed, in norharmane, a Change of thq:ig. 8. Transient absorption spectra observed following flash photolysis
fluorescent state fror(m, ) to 1(n, 7*) has been reported  of solutions in alkaline ethanol (pH 12.0) of harmi@4 x 10-5M),

on decreasing solvent polarity [25]. However, in all cases, in harmane(5.6 x 10->M) and norharmang8.0 x 10-°M).

polar protic solvents the excité¢r, ) state always seems

to be of lowest energy [25,40—42]. From the measured phos-
phorescence lifetimes, the lowest triplet states also appear
to have fr, @*) character. The difference in the acid—base
character of the Sand T; states is, therefore, not due to the

0.05 —*—Hi E

orbital origin of the states, but is associated with some other 004

facet of the electron distribution. Studies on some other het- 0.03 1

erocyclic polyacenes have suggested that the singlet excited «

state has a more marked charge separation, while the triplet h 0.02 i

has predominantly biradical character [43]. It is possible

that similar factors are involved with tigcarbolines. 0.01 i
The observed phosphorescence quantum yields for the

neutral form show efficient intersystem crossing, and as dis- 0.00 s :

cussed by El-Sayed [44,45], the S T, intersystem cross- 400 500 600 700

ing is favoured by spin—orbit coupling. If the lowest excited A (nm)

smglet and trlplet states of tfﬁacarbollnes in these solvents Fig. 9. Transient absorption spectra observed following flash photolysis

haV_e predominan'gly_r(, "T*) character, the mOSt |ike'Y_ expla-  of solutions in neutral ethanol of harming.4 x 10->M), harmane
nations for the efficient intersystem crossing are either that, (5.7 x 10-5M) and norharmangs.1 x 10-5M).
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Fig. 10. Transient absorption spectra observed following flash photolysis
of solutions in acidified ethanol of harmind.7 x 10~ M), harmane
(2.0 x 1074 M) and norharmang2.6 x 10~4M).

in Fig. 9, while Fig. 10 shows spectra obtained 0.2 ms after
the excitation flash for the compounds in acidified ethanol.
For Hi, the spectrum in acidified ethanol is similar to that
observed in water at pH 0. The spectra for Ha and NorH
are very different but similar to each other, and consist of a

bleaching below ca. 500 nm, where the ground state cation
absorbs and fluoresces and a weak structureless absorptio
occurs at longer wavelengths. The reason for this difference

is not clear.

4. Conclusions

Microsecond flash photolysis of each of the three com-
pounds, in acidic, alkaline and neutral solutions, gives rise

to transient species which can reasonably been assigned tol®!

triplet states which undergo acid/base equilibria in protic
solvents. Triplet stateky, values are ca. 2Ky units lower
than the corresponding ground state but ca&K8umits lower
than the first excited singlet states. Although botha®d
T, have @, *) character, we believe that the large basic-

35

B-Carbolines are powerful natural photosensitisers, and
although phototoxicity studies show an oxygen dependence,
this does not correlate with the in vitro singlet oxygen or hy-
drogen peroxide photoproduction by the sensitisers in aque-
ous alcohol media [5]. In aqueous media, protonation of
these molecules is shown to be important in both excited sin-
glet [22] and triplet states (this work). Both triplet state for-
mation and singlet oxygen photosensitisation [47] decrease
on protonation of th@-carbolines. This work shows that in
their neutral forms these compounds have significant triplet
state yields and long-lived triplet states, which may play an
important role in their photosensitisation reactions in vivo
in the presence of oxygen.
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