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The pH-dependenee of the absorption and fluorescence spectra of the 
alkaloid harman** has been investigated. Three species, namely the cation, the 
neutral molecule and the anion have been found in absorption, whilst four 
species, namely the cation, the neutral molecule, the anion and the zwitterion 
were detected by fluorimetry. The zwitterion must be formed by a double 
proton transfer during lifetime of the excited state. Fluorescence quantum 
yields are entirely different for the various species, being highest for the cation 
(pf in 1N sulfuric acid 0.89). 

Unlike quinine sulfate the fluorescence of harman cation is not quenched by 
chloride ion, which suggests its use as a fluorescence standard superior to 
quinine. 

The ground state pKa's of harman are 7.37 and 14.6, the excieted state 
pKa's, as calculated from the Fdrster~ Weller-equation, are 12.0 and 8.65. Thus 
the observed zwitterion fluorescence is predicted from the calculations. 

Die LdsungsmitteI- und pH-Abhdingigkeit der Absorptions- und Fluoreszenz- 
spektren des Harmans: Nachweis von drei Formen im Grundzustand und von vier 

Formen im angeregten Zustand 

Die pH-Abh/~ngigkeit des Absorptions- and Fluoreszenzspektren des 
Alkaloids Harman wurde untersucht. Drei Spezies, nS~mlich das Kation, das 
Neutralmolekfil und das Anion, wurden in Absorption gefunden, wghrend vier 
Formen, ni~mlieh das Kation, das Neutralmolekfil, dus Anion und das Zwit- 

* Dedicated to Prof. Dr. Dr. h.c.O. Kratky on the occasion of his 80th 
birthday. 

** The IUPAC name for harman is l-methyl-9H-pyrido[3,4--b]indol; the 
trivial name will be used throughout this paper. 
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terion, durch Fluoreszenz nachgewiesen wurden. Das Zwitterion wird durch 
einen doppelten Protonentransfer wi~hrend der Lebenszeit des angeregten 
Zustandes gebildet. Die Fluoreszenzquantenausbeuten der einzelnen Formen 
sind deutlich verschieden und ffir das Kation am h6chsten (~f = 0,89 in 1 37 
Schwefels/~ure). Im Gegensatz zum Chininsulfat wird Harman durch Chloridion 
nicht gel6scht, was seine Verwendung als Fluoreszenzstandard nahelegt. 

Die Grundzustands-pK-Werte des Harmans betragen 7,37 und 14,6, die 
pK-Wer te  des angeregten Zustandes, wie sie aus der FSrster-Weller-Gleichung 
erhalten werden, betragen 12,0 und 8,65. Die beobachtete Fluoreszenz aus der 
zwitterionischen Form wird somit auch yon den Berechnungen vorausgesagt. 

(Keywords: Al]caloid; Dissociation constants; Fluorescence; Proton transfer; 
Tautomerism ) 

Introduction 

H a r m a n  is one of  a n u m b e r  of r e l a t ed  compounds ,  the  h a r m a l a  
a lka lo ids .  Most  of these  c o m p o u n d s  are  p o t e n t  i nh ib i to r s  of the  enzyme  
m o n o a m i n e  ox idase  1. T h e y  are  now m a i n l y  used  for e x p e r i m e n t a l  
s tud ies  in an imals ,  a l t h o u g h  t h e y  had  been used  c l in ica l ly  in the  pas t .  
The  h a r m a l a  a lka lo ids  a re  k n o w n  to be h igh ly  f luorescen t  and  can be 
e x t r a c t e d  f rom p l a n t  t issues.  H a r m a n  i t se l f  has  been i so la ted  f rom 
va r ious  p l a n t s  2, b u t  also f rom c iga re t t e  smoke  3. 

W e  have  focussed our i n t e re s t  on th is  c o m p o u n d  in c o n t i n u a t i o n  of  
our  s tud ies  on the  so lvent -  and  p H - d e p e n d e n c e  of the  f luorescence 
spec t r a  of  n a t u r a l  p roduc t s ,  b u t  also because  of an ea r ly  r epor t ,  t h a t  
h a r m a n  is a useful  i nd i ca to r  for t he  f luo r ime t r i c  d e t e r m i n a t i o n  o f p H ' s  
in the  phys io log ica l  range4, a. 

Experimental 

Harman was purchased from Fluka (Buehs, Switzerland) and was purified 
by preparative thin layer chromatography to remove a fluorescent impurity 
present in the commercial product. Stock solutions were prepared in methanol 
and were diluted with either triple distilled water or buffer solutions to contain 
finally not more than 10~o methanol. The absorption spectra were run on an 
UVICON 810 speetrophotometer (Kontron, Switzerland), in buffered solutions 
(for solvents and buffers, see6). The fluorescence spectra, recorded on an 
Amineo SPF 500 spectrofluorimeter in rectangular quartz cells at  room tem- 
perature are uncorrected. The pH of the unbuffered, nondegassed solutions was 
adjusted by addition of either sulfuric acid or sodium hydroxide to avoid 
fluorescence quenching effects by buffer ions. The pKa's were obtained by the 
spectrophotometrie method in phosphate buffer at ionic strength J <0.05. 

Fluorescence quantum yields were determined with quinine sulfate as a 
reference standard (pf = 0.546) 7. 

Results and Discussion 

Due  to  the  acidic  N H - f u n c t i o n  and  the  bas ic  n i t rogen  a t o m  in the  
p y r i d i n e  nucleus  h a r m a n  can exis t  in th ree  d i f fe ren t ly  cha rged  g round  
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state species. Their respective equilibria, shown in 
governed by two pKa's. 

Scheme 1 

Scheme 
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1, are 

H CH3 H CH3 CH3 

cation harman anion 
(cojugate acid) (neutrat molecule) (conjugate base) 

H CH3 CH3 
, ~ 1  N~. .~N/(CH2 ) 3 - SO 3- . ,~ ' , , , INvJ.~a/(CH2) 3 - SO 3 

A B 

According to the absorption spectra the cation is present in the pH 6 
to 0 range, whereas the neutral molecule is present in the pH 8 to 13 
range. In  more alkaline solutions anion absorption is apparent having 
Xma x at 374nm. 

The pH-dependent  absorption and fluorescence spectra of harman 
are compiled in more detail in Table 1. 

There are four species evident in the fluorescence spectra having 
maxima at 433.5 nm (cation), 381 nm (neutral molecule), 490.5 nm and 
445 nm (anion). The assignement of the three shortwave bands at 433.5, 
381 and 445 nm to the cation, to the neutral molecule and to the anion 
can be made unambiguously. In benzene and methanol solution the 
neutral molecule's fluorescence lies in the UV too. 

In order to assign the 490nm band we studied the behaviour of 
model compound A, the structure of which is given in Scheme 1. A was 
considered in neutral solution to be a fixed derivative of barman cation, 
and its anion (B) a fixed derivative of a suspected harman zwitterion. 

The pK a value of A was determined to be 11.0 + 0.1 at 25 °C. In  
neutral solution it shows maximum absorption at 367 nm and maxi- 
mum fluorescence at 441 nm, which agrees favourably with the data of 
barman cation. The respective maxima in pH 14 solution (i.e. of 
zwitterion B) are at 408 and 505nm. A comparison of the absorption 
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Fig. 1. Absorption spectra of harman in methanol and in aqueous solutions of 
various acidity. Cone. 63.8 9M 

and fluorescence maxima, together with an unusual large Stolces shift 
fbr harman in pH 14 solution indicates, tha t  the 490nm emission of 
harman arises from the zwitterion. 

The formation of barman zwitterion as a result of photoexcitation is 
sketched in Scheme 2. 

Scheme 2 

H CH3 CH3 CH3 
N ~  h~ ~ ,~"%f~ ."~NHI ~ ~ hw N ~  

pH10to14~ ~ pH13toH 15 

harman Sl-state zw[tterion harman anion 

The fluorescence quantum yields of the various species are entirely 
different and are highest for the cation. The latter has ¢71 0.89 ___ 0.07 in 
1 N sulfuric acid in the 345 to 360nm excitation wavelength range. 



514 O.S. Wolfbeis et al. : 

Unlike quinine, the fluorescence of harman is not quenched by chloride 
ions. This, together with its high fluorescence quan tum yields, the 
invariabil i ty of the fluorescence intensity in the pHO to 5 range, its 
s tabil i ty and the availabil i ty of the compound suggests its use as a 
reference indicator in fluorescence intensity measurements.  

N C Z 

~' ~ ~' harman 

c 

o / ," ",, \ pill3 (xS) 

N 

T 
340 380 420 460 500 5~0 

~l. [nm] 
Fig. 2. Fluorescence spectra of harmon in aqueous solutions of various acidity 

and in methanol. Conc. 50.5,aM 

The fluorescence intensity of the neutral  molecule is ra ther  weak. 
F rom pH 8 up to pH 12 the 381nm band can be recognized only as a 
shoulder beside the intense emission band of the cation, but  at  pH 13 
it forms a distinct maximum.  However,  in pH 14 solution the zwitterion 
fluorescence is the only one to be observed at  excitation wavelength 
350nm, despite of considerable amounts  of neutral  molecule being 
present  according to the absorption spectrum. I t  is likely tha t  zwitter- 
ion fluorescence is already present  at pH's lower than  13, as predicted 
from the results of the Fdrate~-cycle calculations. I f  so, this fluorescence 
is overridden by  the strong fluorescence band of the cation present up 
to pH 12. Anion fluorescence, maximizing at 445 rim, can only be found 
in solutions of H greater  than  15. Following excitation at  380rim, 
where the anion is the only species to absorb light., luminescence of the 
zwitterion is fairly strong in the pH 13 to H_ 15 range, thus indicating a 
proton gain of harman anion in its Sl-state (Scheme 2). 
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Ground and First Excited Singlet State pKa'~ 

The ground state pKa of harman conjugate acid (pK~ in Scheme 1) 
was determined photometrical ly to be 7.37 _+ 0.04 (cf. a pK a of 7.93 for 
1,6-DiazaindenS). The pK~ has been determined in potassium hy- 
droxide solution of various basicity 9 to be 14.6 (cf. pKa of pyrrol : 16.510 
and a pK a 16.97 for indo111). 

The pKa's for the Sl-state have been calculated applying the 
FSrster- Weller-equation 12 

0.625 
pK (S1) =pK (So) + ~ (7~B--7~BH) 

The means of frequencies of the absorption and fluorescence 
maxima have been taken as 0-0-transitions. The results are given in 
Table 2, together with the pKa's obtained by fluorescence titration. 
They show harman in its Sl-state to become a stronger acid by 5.95 
units, and barman conjugate acid to become a stronger base by 4.63 
units thus having pK ($1) = 12.0. 

Two pKa's have been obtained for harman conjugate acid by 
fluorescence t i t rat ion at excitation wavelength 351.5 nm (which is the 
iosbestic wavelength in absorption) and at emission wavelength 
433.5 nm. The one (7.4) corresponds to the ground state pKa of harman 
cation, the second (11.4) corresponds to the excites state pKa of barman 
conjugate acid and is in good agreement with the calculated value 
(12.00; cf. Table 2). 

The formation of barman conjugate acid following photoexcitat ion 
in the pH 8 to 12 range results from the high basicity of barman in its 
Sl-state and is thought  to proceed according to the following pseudo 
first order reaction: 

harman ($1) + H~O -~ harman" H=(S1) + OH- 

The results from the F6rster-Weller calculations predict harman to 
form a zwitterion in its Sl-state from pH 8.65 to 12.00. If, however, 
barman is excited in pH 12 solution, where the UV-speetrum shows it to 
exist as the neutral molecule only, fluorescence is observed from the 
excited cation, the neutral  molecule and from the zwitterion altogether. 
This in our eyes demonstrates, tha t  all the prototropie processes in the 
Sl-state are of comparable rate with fluorescence decay. 

Excited state prototropic processes have been demonstrated to 
occur with both indole 13 and carbazole 14. Carbazole has an electronic 
structure and shows an absorption spectrum very similar to tha t  of 
barman. But  lacking a basic nitrogen atom carbazol shows blue 
fluorescence in alkaline solution as a result of photodissociation 14, 
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whilst harman can form both a greenish fluorescent zwitterion and a 
blue fluorescent anion. 

Finally, with respect to an analytical application of these results 
both harman and norharman* (the luminescent compound in the 
fluorimetrie determination of both t ryptophane and tryptamine 15) can 
evidently be assayed best in p H 5  to 0 solution, where fluorescence 
intensity is highest and variation of the intensity with p H  is practically 
zero. The zwitterion fluorescence at 490.5nm may be another useful 
emission, but its strong variation in intensity with p H  requires careful 
adjustment of alkalinity. On the other hand, harman shouts a p K  a tha t  
can make it a useful fluorescence indicator in measuring physiological 
p H ' s .  

This work was supported by grant from the "Fonds zur F6rderung der 
wissenschaftlichen Forschung", Projekt Nr. 3807 and, partially, 4432, which is 
gratefully acknowledged. E. F. thanks the H. F. Mark-Fonds for a stipend. 
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