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Photochemical and sonochemical reactions of norharmane
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Abstract

In this work, a study on the photochemical and sonochemical behaviour of norharmanc in halomethane media (dichloromethane, chloroform,
carbon tetrachloride and dibromomethane) is presented. When solutions of norharmane in these media are irradiated with UV light or sonicated
with ultrasound at 20 or 50 kHz, the cationic species of norharmane appears in solution. In order to explain the formation of this species by a
UV radiation effect, a exciplex (charge transfer complex) between norharmane and halomethane has been proposed. The formation rate
constants of the exciplex were calculated using fluorescence quantum yields and lifetime values. The sonochemical formation of cationic
species does not occur by formation of a charge transfer complex between norharmane and halomethane. In this paper, we report that an
initially neutral medium can quickly develop acidity in a few minutes of exposure in a conventional bath to ultrasound.
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1. Introduction

Norharmane or B-carboline (BC) (Fig. 1) is markedly
fluorcscent alkaloid. The acid-base properties of 8C and its
derivatives have been largely studied in aqueous and ethan-
olic solutions [1-4]. In previous work {5], we have pre-
sented the photochemical-photophysical behaviour of
norharmane in halomethane-acetic acid mixtures. In this
medium, a new species with fluorescence maximum at 400
nm was detected. This fluorescence maximum only appears
in the presence of dichloromethane~ or chloroform-acetic
acid mixtures. In carbon tetrachloride~ or acetonitrile-acetic
acid mixtures, this fluorescence was not observed. We asso-
ciated this maximum with the formation of a hydrogen bond
between the pyridinic nitrogen atom of norharmane and the
hydrogen atom of halomethane.

Erra-Balsells and Frasca [6] studied the photochemical
behaviour of BC in dichloromethane solution. They sug-
gested a radical mechanism for these dimerization reactions
and they propose that the formation of dimer products in
dichloromethane solution would be by means the N--H bond
photodissociation of the pyrrolicring in two norharmane mol-
ecules. These researchers suggest that the photoreactive state
nature is probably an n#* triplet. Biondic and Erra-Balsells
also described the photochemical behaviour of BC in carbon
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Fig. 1. Different forms of BC.

tetrachloride—ethanol mixtures and chloroform [7,8]. In
these media, the cationic species was only observed and the
dimers were not detected. In the latter solvent, these workers
propose a transient excited state between the excited singlet
state of the norharmane and chloroform.

On the other hand and within our knowledgment, any study
on the photochemical behavior of norharmane in dibrome-
thane solutions has been reported.

Chae and Ham [9,10] report the photopoiymerization of

"vinyl monomers initiated by BC in carbon tetrachloride solu-

tion as evidence for the photochemical radical formation of
these compounds.

In this work, we have not observed formation of dimers in
all solvents studied. We present a comparative study on the
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photochemical behaviour of BC in halomethane solutions:
dichloromethane (Cl,CH,), chloroform (Cl;C), carbon tet-
rachloride (Cl,C) and dibromomethane (BrCH,). In order
to characterize this photochemistry, fluorescence quantum
yields and lifetime values were obtained in these media.

In these solutions UV radiation and ultrasonication pro-
duce similar effects, the appearance of new absorption and
fluorescence bands corresponding to the cationic species.
This fact is important because the use of ultrasonic baths for
a rapid solution of samples is a very extended practice in
laboratories. We used this reaction to show that ultrasound
can change the properties of media, so that a medium initially
neutral can develop acidity in a few minutes of exposure in a
conventional bath to ultrasound.

2. Experimental details

BC or norharmane from Sigma (base (ree, 98%) was used
in our experiments. This alkaloid was of the best available
quality and was used as received. The halomethane solvents
used were Merck Uvasol grade.

The absorption spectra were obtained in a Cary-17 spec-
trophotometer, Fluorescence spectra were recorded in a
Schoeffeld Instruments Corp. spectrofluorimeter with a 3 nm
band width in excitation and 2 nm band width in emission.
All experiments were carried out at 25.0 +0.1 °C. The sol-
vents used exhibit negligible emission in the conditions of
this work. Fluorescence spectra were not corrected.

The fluorescence lifetimes were obtained by the single-
photon counting technique in an Applied Photophysics spec-
trometer using a pulsed nitrogen lamp. An exponential decay
function was determined by non-linear least-squares iterative
deconvolution, The goodness of fit was tested by noting the
values of the weighted residuals. the plot of the autocorrela-
tions function and the magritudes of the reduced )* and
Durbin=-Watson (DW) parameter [ 11-14]).

The fluorescence quantum yields of cationic species were
determined by comparing the corrected emission spectra of
BC in halomethane solution (2% ethanol + H,SO,) with the
corrected spectrum of a standard solution of 8C in aqueous
solution of 0.1 N H,SO, [15]. For the ncutral species, the
comparison is with the corrected emission spectrum of this
species in ethanol. The fluorescence quantum yield values
were calculated using the expression

=@ AuA) 1A D, n
YA IA) D, m?

where the subscripts s and x refer to the reference and the
unknown solutions respectively, @ is the quantum yield,
A(A) is the absorbance per centimetre of solution at the exci-
tation wavelength, 7( A) is the relative intensity of the exciting
light at the wavelength A, D is the integrated arca under
corrected emission spectrum and » is the refractive index of
the solution at the fluorescence maximum.

Generally, a conventional ultrasonic bath was used for
ultrasound production (frequency, 50 kHz). In some cases,
for quantitative studies, a 20 kHz frequency reactor with
titanium horn (diameter, 2.5 cm) was used. Nuclear magnetic
resonance (NMR) and mass spectra were obtained in a Bru-
ker WH-200-Sy and Hewlett-Packard 5985 gas chromatog-
raphy-mass spectrometry instruments respectively.

3. Results
3.1. Sonochemistry of norharmane in halomethane media

The absorption spectrum of BC in halomethane solution
cxhibits the characteristical profile corresponding to neutral
species (two absorption maxima around 330 and 340 nm).
When solutions are introduced into an ultrasonic bath, a new
band appears in the 360-370 nm zone. In Fig. 2, the cffects
of ultrasound on the absorption spectrum of 8C in C1,CH are
shown for different exposure times. This behaviour is general
in all solvents used in this work. On the comrary, when these
solutions are excited at 370 nm, the fluorescence spectrum
presents a maximum around 445 nm in Cl,CH,, C1,CH and
Br,CH,. These fluorescence spectra are similar to the corre-
sponding spectrum of the cationic specics.

In carbon tetrachloride solution, the fluorescence spectrum
of BC has a shoulder at 438 nm and a maximum at 501 nm.
The fluorescence spectrum of BC in C1,C-H,SO, solution
also exhibits these two maxima (Fig. 3).

NMR spectra for different solutions were obtained to ¢lu-
cidate the nature of the specics formed by ultrasonic irradia-
tion. A strcam of hydrogen chloride was bubbled into a SC
solution in diethyl cther to form the cationic species. The
sonospecics was obtained by sonication of BC in chloroform
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Fig. 2. Absorption spectra of BC in chloroform solution for different soni-
cation times: spectrum |, 10 min; spectrum 2, 20 min; spectrum 3, 30 min;
spectrum 4, 60 min.
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Fig. 3. Fluorescence spectra of norharmane in etrachloride solutions: spec-
trum 1, A, =337 nm; spectrum 2, solution with H,80, and A, = 380 nm;
spectrum 3, sonicated solution and excitation, Ay, = 380 nm.
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Fig. 4. Disappearance of DPPH in different sonicated (5 min) solutions:
curve a, DPPH-methanol; curve b, DPPH-methanol with sonication; curve
¢, DPPH-~chloroform; curve d, DPPH-chloroform with sonication; curve e,
BC-DPPH-chloroform; curve f, BC-DPPH-chloroform with sonication.

solution and the solvent was removed subsequently by bub-
bling nitrogen into solution. Neutral, cationic and sono- spe-
cies were dissolved in deuterated methanol and their NMR
spectra were determined. The greatest shift if for the signals
corresponding to hydrogen atoms on positions 1 and 3, 8.82
ppm and 8.31 ppm respectively for neutral 8C vs. 9.18 ppm
and 8.76 ppm respectively for the cationic SC obtained by
treatment of BC with hydrogen chloride in diethyl cther. The
same frequencies for H1 and H3 were observed for the sono-
species and thus we can assign the same cationic character

for them. We also obtained the mass spectrum of the sono-
species and dimeric products were not observed.

Free radical formation can be measured quantitatively by
scavenging the radicals with the stable purple free radical
diphenylpicrylhydrazyl (DPPH) [16]. The disappearance of
the scavenger can follow by measuring the decrease in optical
density at 546 nm. We used DPPH to determine the possible
presence of free radicals in the sonicated solution of BC in
chloroform (Fig. 4). Three solutions were prepared and son-
icated, DPPH in methanol, DPPH in chloroform and
DPPH + BC in chloroform, with the following results.

(i) In pure methanol and pure chloroform, the sonication
produces free radicals.

(ii) The production of free radicals is greater in chloroform
than in methanol.

(iii) The rate of disappearance of DPPH in chloroform-
BC solution is less than in pure chloroform.

3.2, Photochemistry of norharmane in halomethane
solutions: fluorescence lifetimes and quantum yields

When a solution of BC in halomethane medium is irradi-
ated where the neutral species absorbs (A =333 nm), a pho-
toproduct is obtaired. This product exhibits a fluorescence
maxima around 453 nm in dichloromethane and dibromo-
methane solutions and 449 nm and 435 nm in chloroform and
carbon tetrachloride respectively.

A study of fluorescence intensity variation with the irra-
diation time was made. We fixed the emission monochro-
mator at 480 nm and we took fluorescence intensity values
each minute. In these conditions, the representations of flu-
orescence intensity vs. exposure time are straight lines (Fig.
5). From this figure, the relative process rates for diiferent
solvents can also be obtained. The relative k values arc in the
order
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Fig. 5. Relative fluorescence intensity at 480 nm vs, vime of isradiation at
337 nm.
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Table 1
Fluorescence lifetimes and statistical parameters for different solutions of

B-carboline

Table 2
Quantum yields for cationic and neutral species of S-carboline in different
media

Media Acxer Aem T x: DW Solvent @, &,
(nm) (ns) parameter (cationic species) (neutral species)
Dichloromethane 337, 380 21 0.95 1.68 Ethanol 0.6 -
Chloroform 337,380 2.1 1.02 2.11 CI,.CH, 0.6 0.69P, 000
Carbon tetrachloride 337,380 <1 ClL,CH 0.6 0.64D a0
Dibromethane 337,380 <1 Ci,C 0.6 0.12P,. 10001
Br,CH, 0.06 0.04P 0001

k(C,CH,) <k(CI,CH) <k(C1,C)

The influence of norharmane concentration on the rate of
photoprocess appears to be non-significant.

We also obtained the absorption and fluorescence maxima
of cationic species in halomethane media by addition of
H,S0, traces to solution, Although sulphuric acid is not sol-
uble in halomethane media, we have obtained a non-turbid
solution of halomethane-H,S0, by adding to 25 ml of halo-
methane small quantities of a slightly turbid halomethane-
H,80, solution until we obtained the maximal concentration
of acid for which the solution remained non-turbid. The
absorption maxima in these solutions are around 370 nm~
371 nm for C1,CH, and 373 nm for C1,CH and C,C solutions.
The fluorescence maxima are at 445 nm and 439 nm for
C1,CH, and CI,CH respectively and two maxima are found
at 436 and 510 nm for C1,C solution (see Fig. 3).

The fluorescence lifetime was measured for different solu-
tions with the same BC concentration (Table 1). Halome-
thane media quench the fluorescence of neutral species. Thus,
with excitation at 337 nm of a solution of BC in different
ethanol-chloroform mixtures and gathering of the fluores-
cence at 380 nm, the fluorescence lifetime values varied from
4.3 ns, in pure ethanol, to 2.1 ns in pure chloroform. In pure
dichloromethane this value is also 2.1 ns; in carbon tetrachlo-
ride and dibromomethane, the fluorescence lifetime valucs of
neutral species are less than the limit of resolution of our
instrumental device (below 1 ns).

We have measured the fluorescence quantum yields of
neutral and cationic species in ethanol and in the four halo-
methane media studied in this work. The cationic species has
the same value of this parameter in ethanol and chlorome-
thane media (®;=0.6). In dibromomethane solution, the
fluorescence quantum yield of this species decreases strongly
(®;=0.06) (Table 2). In CLCl solution with ethanol-
H;S0,, the fluorescence spectrum of BC only exhibited a
maximum around 442 nm.

@ of neutral species do not remain constant in ethanol,
chloromethane media ard dibromomethane. The values
measured are Deyon, = 0.69Ponancr Poren = 0.64 P,
%hc 0.1 2@% and %ﬂCN: =(,04 @mm,\\

4. Discussion

The BC-halomethane system did not exhibit any signifi-
cantinteraction in the electronic ground state. In this medium,

only the absorption of the neutral species is observed. In order
to explain the formation of the cationic species by UV radi-
ation an exciplex between SC and halomethane has been
considered by several researchers [6-8]. Some theoretical
publications [17-19] confirm this hypothesis. These
publications reveal the tendency of some SC derivatives to
form very stable charge transfer complexes with electronic
acceptors in the S, state. Moreover, Pimentel and McClellan
and Green [21] demonstrates the formation of donor-accep-
tor complexes between amines and halomethane through
C--H-~N hydrogen bonding. Thercfore, taking into
account thess publications, we think that a donor--acceptor
complex forms between the BC and halomethane molecule
in S, state. This complex formation occurs through C—-H-
-N hydrogen bonding. This interaction type is only possible
in Cl,CH,, C1,CH and Br,CH, solvents but not in carbon
tetrachloride. Cl,C is a solvent of high clectron affinity and
we consider the complex formation proposed by Erra-Balsells
according with the following process:

lﬁC'“ . -Cle“] — [BC*"+--Cl™ -+ °CCly) —
BC* +Cl™ +'CCl,

We think that these radicals can be stabilized by hydrogen
abstraction from H,O traces present in CLC solution.

The observed reactivity in these media agrees with the
results obtained for charge transfer complex formation
hetween amines and halomethanes (Hal) [22,23] and with
the following kinetic scheme:

BC+hy =, Bc*
AC* = BC+hv
BC* 4 BC+AH
BC* +Hal N Phsp*
Phsp* — Phsp+hv'
Phsp* = Phsp+AH'

where Phsp indicates photospecies.

The above-mentioned interactions appear in the first elec-
tronic excited singlet state in the BC. In this state, this mol-
ecule undergoes a two-state excited state reaction which is
irreversible. Thus, at 380 nm, only the neutral form emits,
and therefore the experimental decay is monoexponential as
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is observed in Table 1. The fluorescence lifetime values agree
with the @ values of neutral species obtained in these media:

TChCHan = TCliCH. > TcuCn AN TaraCHan
Pencian= Poicrn > Porcn > Poectizn

Account is taken of the following expression for the fluo-
rescence quantum yield of cationic species:

kf &

‘peuhanol.c = Deiycnpe = ‘pchcn.c =Pccc= “—"'—k +k
fc d.e

where k. and k,. are respectively the radiative and non-
radiative transition probabilities for the cationic species.
From these results, we can consider that these probabilities
have the same value in ethanol as in chloromethane media.
In dibromomethane, a new non-radiative deactivation chan-
ncl appears as a result of the heavy atom effect and &
decreases strongly. For the neutral species, this parameter
does not remain constant in ethanol and chloromethane
media. For this species, a new deactivation channel appears
which causes the photochemical reaction observed (cationic
species do not exhibit photochemistry). If we compare the
results for neutral and cationic species, we can also consider
that, for the neutral species, k;,, and ky, in ethanol have the
same values as in chloromethanc media. Thus, the following
cquations represent the fluorescence quantum yields for the
ncutral species in ethanol and chloromethane media:

k
Potnan= T2
e kf.u + kd.n
k,
(I)n:hlnm = -

kf.n + kd.n + kln

where k,, is the transition probability obtained photochemi-
cally. Therefore, division of one of these equations by the
other gives

(Dclhunul =]+ kln

‘pchlum kl‘.n + kd.n

and, because Toyn =1/ (kio+Kan),

d’elhmml

=14 kiaTemn
¢chlom

From this equation and with 7, ,= 4.3 ns, the k, values in
dichloromethane, chloroform and carbon tetrachloride are
1.0%10%s~!, 1.3 10% s~ and 1.7 X 10° s ! respectively.
In Br,CH, solution, in addition to the photochemical deacti-
vation, a non-radiative deactivation channel exists as a result
of the heavy atom effect. For this solvent, we have not been
able to measure the k, value.

With these values for k;, we can not think as Erra-Balsclls
et al. did of a photoreactive state n7™* triplet. Nevertheless,
during the time of irradiation it is possible to populate triplet
states and these states could cause the formation of SC dimers
detected by these researchers in ClI,CH, solution.

In carbon tetrachloride, we observed the formation of two
photoproducts, the cationic form and another form which
emits around 500 nm. Comparing with the results { 1] in the
literature, we associate the latter fluorescence with the emis-
sion of the zwitterionic form. In this solvent, the donor—
acceptor complex formation between SC and Cl,C also
occurs but in this case, without hydrogen bond formation.
The C1,C decomposition by light is more rapid in this solvent
than in Cl,CH,, C1,CH or Br,CH,, so that the "Cl;C concen-
tration is very high in a few minutes. In the absence of ethanol
or methanol, this radical can abstract hydrogen from the
N-H pyrrolic group and the zwitterionic species can be
formed. This fact would explain the fluorescence of the zwit-
terion observed for BC in Ci,C-H,S80, (without ecthanol)
solutions irradiated with UV light. The hydrogen donor char-
acter of primary alcohols in photochemical radical reactions
is well known in the literature. Thus, in the presence of eth-
anol or methanol, the hydrogen abstraction of alcohoi by
‘Cl,C radical occurs and only the fluorescence of the cationic
species is observed.

The formation of BC hydrochloride by sonication does not
occur via charge transfer complex formation. It is known in
sonochemistry that the sonication of dichloromethane, chlo-
roform and carbon tetrachloride in aqueous solution produces
HCl [24-27]. In carbon tetrachloride the formation of HCI
can be explained by traces of H,O present in solution. This
behaviour agrees with the following experimental fact. If
chloroform is sonicated for 5 min and BC is added after 10
min, formation of BC hydrochloride is observed. The HCI
formed would be responsible for the formation of cationic
species.

The presence of radicals in the BC~halomethane solutions
has been detected in both cases: irradiation with light and
sonication. Chae and colleagues demonstrated the presence
of radicals in BC~halomethane solutions when these were
irradiated with UV light. However, our experiments with
DPPH clearly reveal the presence of radicals when C—chlo-
roform solutions were sonicated. Surprisingly the avidity for
these radicals is greater in the SC case than in the DPPH case.

Finally, we wish to point out that, while it is necessary to
irradiate for several hours with a mercury lamp to complete
the reaction of formation of BC hydrochloride, by sonication
in the same conditions only a few minutes are necessary to
complete this re. ction. Similar results are been observed for
sonication of BC in alcoholic media. Therefore, it is necessary
to pay attention when an ultrasonic bath is used, because
ultrasonic radiation can modify strongly the propertics of the
media [5].

We propose C as a probe to study in non-aqueous media
the acidity that these can develop by sonication. Further work
is in progress on this subject.
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