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The fluorescence of chlorophyll a and b in methanol is gradually activated in the presence of hydrazine hydrate. The 
absorption spectrum of this reaction product between chlorophyll and hydrazine shifts to shorter wave lengths than that of 
chlorophyll itself. On the other hand, the fluorescence of chlorophyll and chlorophyll-hydrazine is efficiently quenched by 
triphenyltetrazolium chloride. Thus, chlorophyll can photosensitize the reduction of triphenyltetrazolium chloride by 
hydrazine, which occurs slowly even in the dark. This mechanism is discussed in connection with the primary quantum 
conversion of photosynthesis. 

Introduction 
The main chlorophyll-photosensitized reaction, 

which has been studied,' is the autoxidation of benzi­
dine, isoamylamine, allylthiourea, etc. Since the 
discovery of the Hill reaction of oxygen evolution 
caused by light in the presence of chloroplast and 
some suitable oxidizing agent, it has been supposed 
that in the chlorophyll-photosensitized decomposi­
tion of water in vivo hydrogen will be caught by 
some oxidizing agent, probably by TPN,2 or more 
possibly by lipoic acid (6,8-thioctic acid),3 with the 
production of oxygen, so that the hydrogen can be 
utilized for the reduction of fixed carbon dioxide. 
Therefore, studies on the chlorophyll-sensitized 
oxidation-reduction reaction involving some oxidiz­
ing agent other than oxygen seem necessary for the 
understanding of the primary photochemical reac­
tion in photosynthesis. 

The reaction between methyl red and phenyl-
hydrazine studied by Ghosh and Sen-Gupta4 and 
further developed by Livingston and co-work­
ers,6 and the reaction between riboflavin or DPN 
and phenylhydrazine or ascorbic acid studied by 
Krasnovskii and co-workers6 belong to such a cate­
gory. Unfortunately their conclusions are rather 
varied and the mechanism of the participation of 
chlorophyll in photosensitization still remains 
vague. 

During the course of investigations on compli­
cated organic fluorescent and photosensitive com­
pounds, the author noted that in suitable complexes 
between a fluorescent molecule and certain other 
molecules, the specific transfer of excitation energy 
may introduce photosensitivity into the complex 
similar to that which occurs in vision and in photo­
synthesis. 

An example is the artificial model of visual 
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purple: the photosensitive complex between a fluo­
rescent pigment (E) and SH-compound (S).7 A 

Artificial model j / Artificial model 
of visual purple | / of photosynthesis 

SH-compounds, XH2-NH2 chlorophyll 
(S) (H) (C) 

further example, the artificial model of photosyn­
thesis, is described here. This is the chlorophyll-
(C)-photosensitized reduction of triphenyltetra­
zolium chloride (T) by hydrazine hydrate (H). 

Experimental Methods and Results 
Reagents.—A mixture of chlorophyll a and b 

from potato leaves was extracted and purified ac­
cording to the method of Zscheile and Comar.8 Hy­
drazine hydrate was quantitatively determined by 
the iodine method.9 Bayer reagent grade triphen­
yltetrazolium chloride was used. 

Measurements.—The fluorescence intensity of 
chlorophyll solution excited by mercury lines at 
3650 A. was measured by the R.CA. 931A photo-
multiplier through a Mazda V-Rl red glass filter. 
Absorption spectra were measured by the Beck-
man spectrophotometer. For the photosensitized 
reaction, the red light of a 200-watt tungsten lamp 
filtered through the Mazda V-Rl glass filter was al­
lowed to fall upon the reaction cell of 2.5 X 2.5 X 
2.5 cm. at a distance of 20 cm. from the light source. 
The appearance of red color from reduced tri­
phenyltetrazolium chloride was photoelectrically 
measured by the use of a 6-volt head-light lamp 
with a Mazda V-Gl filter as a light source, at right 
angles to the irradiation source. 

(1) Activation of Chlorophyll Fluorescence by 
Hydrazine Hydrate.—It was found that the 
fluorescence of chlorophyll is gradually elevated by 
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the reducing agent, hydrazine hydrate , a t room 
temperature. Figure 1 shows the experimental re­
sults obtained in a methanol solution of a mixture 
of chlorophyll a and b in the presence of hydrazine. 
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Fig. 1.—Activation of chlorophyll fluorescence by hydra­
zine hydrate as a function of t ime: 1O -4 M chlorophyll 
a and b methanol solution in the presence of various con­
centrations of hydrazine hydrate (20°). 

The fact tha t the fluorescence increases rapidly in 
the dark with the increase of hydrazine concentra­
tion indicates the dark activation of fluorescence by 
a chemical reaction between chlorophyll and hydra­
zine. Since the concentration (H) of hydrazine is 
much higher than t ha t of chlorophyll, this reaction 
is of the first order for chlorophyll. Assuming t ha t 
the reaction responsible for the activation of fluo­
rescence is bimolecular, the intensity of fluorescence 
as a function of time is represented by the equation 

(0max - 4>) = (*max - </>o) eXp [-k(H)t] ( 1 ) 

where ^0 is the initial intensity of fluorescence, 
<£max the final one, and k the reaction rate constant. 
The experimental results are in considerable agree­
ment with this equation. During the preparation 
of this paper, Weller and Livingston10 published a 
study of the reaction of chlorophyll in the presence 
of amines, the results of which are in par t compara­
ble with the results of the present reaction. How­
ever, hydrazine hydrate will react not only with 
ring-V of chlorophyll, as Weller and Livingston de­
scribed, but also with the phytol and methyl ester 
to produce a hydrazide and further with the formyl 
group, and with the magnesium atom to form a re­
versible complex, as suggested by Krasnovskii and 
Brin.11 Actually, this chlorophyll hydrazine prod­
uct was obtained as a water-soluble compound and 
studies on its purification and photochemical prop­
erties are in progress. 

(2) Change of Absorption Spectrum by the 
Reaction of Chlorophyll with Hydrazine Hydrate.— 
This activation of fluorescence was accompanied 
by the change of absorption spectrum to shorter 
wave lengths than tha t of chlorophyll itself (Fig. 2). 
The absorption maxima of this fluorescence-
activated complex were a t 415 and 636 m/u in the 
case of chlorophyll a and b mixture. The spectral 
shift of red absorption maximum was larger than 
tha t of blue-violet maximum, bu t the change of 
absorption intensity was inverse. This shift of ab­
sorption maxima was analogous to tha t of the reae-

(10) A. Weller and R. Livingston, T H I S JOURNAL, 76, 1575 (1954). 
(11) A A. Krasnovskii and G. P. Brin, Doklady Akad. Nauk., 

S.S.S.R., 89, 527 (1952). 

tion products from amines and chlorophyll a, in 
which case the principal maxima were at 411 and 
640 mn in ether solution.10 
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Fig. 2.—Absorption spectra of chlorophyll in the presence 
and absence of hydrazine hydrate: , 1O-6 M chloro­
phyll a and b mixture methanol solution in the absence of 
hydrazine; , in the presence of 0.5 M hydrazine. 

(3) Quenching of Chlorophyll Fluorescence by 
Triphenyltetrazolium Chloride.—The fluorescence 
of chlorophyll was found to be quenched efficiently 
by an oxidizing agent such as triphenyltetrazolium 
chloride (T) (Fig. 3) or an oxonium type of fluores­
cein derivative (E). In this case, however, the 
change of absorption spectrum was not observed. 
This suggests t ha t the quenching of chlorophyll 
fluorescence by oxidizing agents having an oxonium 
chloride or ammonium chloride bond can be as­
cribed to the interaction only in the excited s tate of 
chlorophyll. This effect has been observed pre­
viously in a reducing fluorescent molecule, hydro-
quinone-2,5-disulfonic acid, and an oxidizing agent, 
nitrate ion.12 
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Concn. of triphenyltetrazolium chloride (T), II. 
Fig. 3.—Quenching of chlorophyll fluorescence by tri­

phenyltetrazolium chloride: 10 ̂ 4 M chlorophyll a and b 
methanol solution in the presence of various concentrations 
of triphenyltetrazolium chloride (20°). 

The variation of the intensity, 4>, of the fluores­
cence as a function of the concentration (T) of 
triphenyltetrazolium chloride showed a positive 
deviation from the Stern-Volmer equation (Fig. 4) 

0(,At. = 1 + A(T) (2) 

w h e r e 4>u is t h e i n t e n s i t y of fluorescence in t h e a b ­
sence of t h e q u e n c h e r a n d k is cal led t h e q u e n c h i n g 
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constant. For such positive deviations the modi­
fied Stern-Volmer equation was offered by Rollefson 
and Boas13 and used by Livingston and Ke14; 

V * = 1 + WT) + fe(T)2 (3) 

The plot of [Oo/<£) - 1]/(T) against (T) showed a 
linear relation (Fig. 4). This quenching effect of 
triphenyltetrazolium chloride was more efficient 
than other quenchers studied by Krasnovskii, et 
a/.,15 or Livingston and Ke. Furthermore, the 
fluorescence of the more fluorescent complex be­
tween chlorophyll and hydrazine was also quenched 
by triphenyltetrazolium chloride. 

similar remarkable photo-reducing power in the 
presence of hydrazine. 
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Fig. 4.—Plots of [ ( W * ) - 1]/(T) ( ) and (</>o/0) -
1 ( ) vs. (T) for the quenching of chlorophyll fluores­
cence by triphenyltetrazolium chloride. 

(5) Chlorophyll-photosensitized Reduction of 
Triphenyltetrazolium Chloride by Hydrazine Hy­
drate.—The foregoing experimental results indicate 
that these three compounds, i.e., a photosensitizer 
chlorophyll, a reducing agent hydrazine, and an 
oxidizing agent T or E, are in close enough relation 
to interact with each other. It was also found that 
T can be slowly reduced by a large amount of hy­
drazine even in the dark. However, when the 
ternary system of T, hydrazine and chlorophyll was 
irradiated with orange-red light, the reaction be­
tween T and hydrazine was highly accelerated and 
showed a noticeable photosensitized reduction. In 
these experiments in air-saturated solutions, there 
was no observable induction period of the oxygen-
inhibition originating in the chlorophyll-photosensi­
tized autoxidation of hydrazine. This experimental 
result is shown in Fig. 5. Since the dark bleaching 
reaction with hydrazine occurred comparatively 
rapidly in the case of E, it was difficult to recognize 
this photosensitized reaction. 

The water-soluble product, described in section 
(1), of the reaction between chlorophyll and hydra­
zine, the fluorescence of which was quenched by 
triphenyltetrazolium chloride, also could exhibit a 
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Fig. 5.—Chlorophyll-photosensitized reduction of tri­
phenyltetrazolium chloride by hydrazine hydrate, followed 
by the variation of green light absorption during the re­
action: 10 - 6 M chlorophyll a and b methanol solution in 
the presence of 1O -4 M triphenyltetrazolium chloride and 
3 M hydrazine hydrate (20°): , in darkness; , in 
light. 

Discussion 
The foregoing experiments are still too prelimi­

nary to allow discussion of a detailed mechanism of 
this chlorophyll-photosensitized reaction but con­
sideration of a possible mechanism would be of sig­
nificance. The mechanism may be represented by 
the reactions 

F + N2H4 > F-N2H4 (4) 
F* + T >- y F- + T) >• +F- + 'T~ (5) 

+F--N2H4 > F—'N2H3 + H+ (6) 

where F is chlorophyll; N2H4, hydrazine; T, tri­
phenyltetrazolium chloride; F-N2H4, a chloro-
phyll-hydrazine complex; F*, an excited chloro­
phyll with an activated electron; -F', a diradical; 
+ F ' , a semiquinone radical with a missing electron; 
and "T - , a semiquinone radical with an accepted 
electron. Although the reaction (4) indicates a 
dark interaction between chlorophyll and hydrazine 
accompanying the activation of fluorescence and the 
shift of absorption spectrum, the intimate contact 
important for the photosensitized reaction will also 
be possible. According to the reaction (5), the 
light reaction between excited chlorophyll and tri­
phenyltetrazolium chloride which is the cause of 
thequenching of chlorophyll fluorescence, the chloro­
phyll molecule absorbs one quantum, resulting in 
the activation of an electron to such a high energy 
level that it is easily extracted by a suitable oxidiz­
ing agent intimately related to the chlorophyll 
molecule. In such a case, there is the possibility 
that electron transfer would take place through the 
diradical 'F - induced from the normal excited 
state F* of chlorophyll. The photochemical forma­
tion of these diradical and semiquinone radicals 
was recently shown by Livingston,16 et al., in the 
phototropy of chlorophyll in fluid solutions and by 
Linschitz and Rennert17 in the photochemical reac­
tion between chlorophyll and quinone. On the 
other hand, such a quenching of chlorophyll fluores­
cence by oxidizing agents, such as benzoquinone 
and azo dyes, was also studied by Livingston and 
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Ke,14 who presented a general quenching mecha­
nism originating in electron transfer. This mecha­
nism was supported by the author12 in the combina­
tion of other reducing fluorescent molecules and 
oxidizing agents. Since this fluorescence quenching 
by T is observed even in the more fluorescent prod­
uct between chlorophyll and hydrazine, the reac­
tion (5) is modified as 

F*—X2H4 + T > ( ' F ' - X 2 H 4 + T) > 

+ F - - X 2 H 4 + - T - (7) 

The reaction (6) means that chlorophyll, whose 
electron has been transferred to T, extracts an elec­
tron from a hydrazine molecule intimately at­
tached to it. Whether or not chlorophyll exists in­
termediately as +F- in this scheme depends only on 
the time lag between the initial loss of an electron 
by the chlorophyll molecule and the subsequent re­
capture of an electron from a hydrazine molecule. 
If the time lag is so small that the new electron is 
acquired to replace the one removed from its nor­
mal energy level simultaneously with, or even be­
fore, the loss of the activated electron, the oxida­
tive ionization of chlorophyll will not take place, or, 
inversely, the reductive ionization will take place. 
This seems to show the strange function of chloro­
phyll, which can act both as a reducing agent and 
an oxidizing agent. However, despite the evi­
dence of Krasnovskii and co-workers18 that chloro­
phyll is photoreduced by ascorbic acid and other 
reducing agents, chlorophyll is considered to be 
photochemically attacked more easily by oxidizing 
agents than by reducing agents from the point of 
view of fluorescence quenching. 

The summation of the reactions (4), (5) or (7) and 
(6) is given by 

\ T \ \ T j \ . T -
/ N 2 H 3 / ' X 2 H 3 ,H2X2 

F / —•> +V( —->• F/ (8) 
^ -TH ' ' - T H ' -TH, 

where -*• indicates the secondary reduction to TH2. 
The relation between T and TH2 is 

TH 2 

This entire process (8) between excited chloro-
phyll-hydrazine complex and T may be regarded as 
a flow of electrons activated by light or as a photo­
electric current flowing from hydrazine through 
chlorophyll to T. On the basis of the view that 
hydrogen will be transferred from hydrazine to T 
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through the diradical and semiquinone radical of 
chlorophyll, the excited chlorophyll seems to play 
the role of an oxidation-reduction enzyme. 

Whether the excited chlorophyll molecule is 
utilized for the activation of a reducing agent or for 
that of an oxidizing agent in photosynthesis has 
been an open question until recently. In 1947, 
Livingston5 assumed that in a chlorophyll-photo­
sensitized reaction a reducing agent could reduce 
the metastable chlorophyll molecule, yielding the 
reduced form able to reduce an oxidizing agent. 
Although this assumption has been supported by 
Krasnovskii and co-workers6 since 1948, Livingston 
corrected it in 1948 to the formation of a complex 
between metastable chlorophyll and an oxidizing 
agent5 and, in 1953, suggested the production of a 
metastable diradical and of a semiquinone radical 
by reaction with an oxidizing agent in the photo-
bleaching and regeneration of chlorophyll in solu­
tion.16 

On the contrary, considering the observation that 
phenylhydrazine reacts with chlorophyll, Watsonia 

emphasized in 1952 the significance of a combina­
tion between chlorophyll and a reducing agent. 
According to the studies of Watson19 or Livingston20 

phenylhydrazine is known to react with chlorophyll 
to produce a non-fluorescent complex, while in this 
present experiment, hydrazine hydrate was found 
to produce a more fluorescent complex by a dark 
reaction with chlorophyll. This made it possible 
to verify the quenching effect of oxidizing agents on 
the fluorescence of a complex between chlorophyll 
and a reducing agent, as well as on the fluorescence 
of chlorophyll itself. Thus, the light-activated 
chlorophyll molecule will transfer an electron to an 
oxidizing agent and extract it from a reducing agent 
intimately associated with chlorophyll. 

In the primary quantum conversion and the sub­
sequent reaction of photosynthesis, it is a very im­
portant question whether water, which seems able 
to bind with the hydrophilic portion of chlorophyll 
according to the experiments in vitro by Livingston21 

or Krasnovskii,2'2 could directly participate as a hy­
drogen donor,23 following transfer of an electron 
from excited chlorophyll to TPN or thioctic acid, in 
a similar manner as in this chlorophyll-photosensi­
tized reduction of triphenyltetrazolium chloride 
by hydrazine hydrate. I t is well known that some 
photosynthetic bacteria with bacteriochlorophyll 
can use hydrogen sulfide as a reducing agent. In 
this connection, the significance of SH-protein in 
photosynthesis may suggest the contribution of a 
complex between hydrophilic protein and chloro­
phyll-water complex to the photo-decomposition 
of water. Accordingly, the study of fluorescent 
pigment-SH protein complexes seems to be of im­
portance. 
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