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Abstract

This paper covers major events of the early history of chlorophyll research in the Russian Empire and the Soviet
Union from 1771 until 1952, when the modern period of studies on photosynthesis began in full swing. Short
biographical sketches of key scientists, reviews of their major research contributions and some selected photographs
are included.

The earliest history (1771–1922)

The very beginning

Basic discoveries of Joseph Priestley (1771) in the
UK were highly appreciated in the Russian Em-
pire. In 1781, Priestley was elected an honorary
member of the St. Petersburg Academy of Science.
Since 1800, when Jean Senebier published his five-
volume monograph ‘Le Physiologie vegètale,’ pho-
tosynthesis research was considered a part of plant
physiology. The historical literature shows that occa-
sional papers in this field appeared in Russia during
the first part of the 19th century. However, rapid
progress began in the 1860s under the rule of the
Emperor Alexander II, during the general renais-
sance of Russian science. An official birthdate of
Russian plant physiology was 1863, when the uni-
versity constitution was approved, which suggested
the organization of special plant physiology depart-
ments (chairs). The first ‘ordinary professor’ of plant

∗ This paper is dedicated to the memory of my father, academi-
cian Alexander Abramovitch Krasnovsky on his 90th birthday and
the 10th anniversary of this death, both of which will fall in 2003.

physiology was Sergei Alexandrovitch Rachinskii
(1833–1902), who held this position at the Moscow
University during 1863–1867. Rachinskii was widely
recognized for his teaching activities and the first Rus-
sian translation of the Charles Darwin’s book ‘The
Origin of Species.’ Andrei Sergeevitch Famintzin
(1835–1918) was the first Russian plant physiologist
who devoted all his life to this branch of science
(Figure 1). He graduated from the St. Petersburg Uni-
versity and then passed a three-year training course
in Italy and Germany. In 1861, he organized the first
lecture course on plant physiology at the St. Peters-
burg University and a research laboratory at home.
His 1866 doctoral dissertation ‘Action of light on al-
gae and certain related organisms’ (at St. Petersburg)
and subsequent papers dealt with the dependence of
photosynthesis on the intensity and quality of light,
greening of etiolated seedlings, lichens and symbi-
osis of algae and fungi. In 1867, he organized a
chair of plant physiology and became the first plant
physiology professor of the St. Petersburg Univer-
sity. Famintzin did much for the popularization of
plant physiology in Russian society. He published his
lecture course (1875), the first Russian manual on
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Figure 1 (left). Andrei Sergeevitch Famintzin (1835–1918), one
of the founders of Russian plant physiology. From Kursanov
(1967). Figure 2 (right). Climent Arkad’evitch Timiryazev
(1843–1920). From Timiriazeff (1948, published posthumously).

Plant Physiology (1887), a monograph ‘Metabolism
and energy transformation in plants’ (1883), and de-
livered many public lectures. In 1890, he organized
a ‘Laboratory of Plant Anatomy and Physiology’ at
the Imperial Academy of Science, which was later
transformed into the Institute of Plant Physiology, and
began to publish the first regular journal devoted to
problems of plant physiology: ‘Trudy Botanicheskoy
Laboratorii Imperatorskoi Akademii Nauk’ (Works of
the Botanical Laboratory of the Imperial Academy of
Science), which was later transformed into the Rus-
sian Journal of Plant Physiology (Famintzin 1866;
Brokhauz and Effron 1899; Kursanov 1967; Kuznet-
zov and Stroganov 1995 and references therein).

Chlorophyll as a photosensitizer of photosynthesis

Climent Arkad’evitch Timiriazeff (1843–1920) (Fig-
ure 2) graduated from St. Petersburg University in
1866 where he listened to Famintzin’s course on plant
physiology. In 1867, D.I. Mendeleev invited him to
work on his project; for one year he studied depend-
ence of plant productivity on mineral fertilizers and
published a paper on this subject. In 1868, he obtained
a stipend from St. Petersburg University for a trip
to Europe. He went to Heidelberg where he worked
with G. R. Kirchhoff, R. Bunsen and G.L.F. Helm-
holtz, and then to Paris to work with J.B. Boussingault
and M. Berthelot. In 1870, he returned to Russia. In
1871, he defended his ‘magister’ dissertation ‘Spectral
Analysis of Chlorophyll,’ and in 1875, his doctoral
dissertation ‘On the Utilization of Light by Plants.’
From 1870 he worked at the Peter’s Academy of
Agriculture and Forestry in Moscow and later also

at Moscow University. Chlorophyll (Chl) and its
function in photosynthesis were his major interests
in science. It is noteworthy, that the term ‘chloro-
phyll’ was proposed in 1817 by the French chemists
P. Pellitier and J. Caventou to denote an alcoholic
pigment extract from leaves treated with boiled water
when nothing was known about ‘chlorophyll’ com-
position and biological roles. In 1838, a Swedish
chemist, Jöns Jakob Berzelius (an honorary member
of the St. Petersburg Academy of Science since 1820),
proposed that ‘chlorophyll’ was a mixture of at least
two compounds. G.G. Stokes (1862–1864), E. Fremy
(1860–1866) and Timiriazeff (1869–1871) rigorously
supported this idea. According to Timiriazeff, ‘chloro-
phyll’ was a mixture of a yellow matter ‘xanthophyll’
(Berzelius’s term) and a blue-green matter ‘chloro-
phyllin’ (Timiriazeff’s term). Working in Heidelberg,
Timiriazeff observed that ‘chlorophyllin’ solutions
and green leaves have distinct red absorption bands.
Similar observations were made in parallel experi-
ments by T. Lunewsky in Warsaw in 1870 and later
by A.N. Wolkoff (1876, Novorosiisk, Heidelberg), V.
Dement’ev (1876, Moscow), G. Kraus (1872, Ger-
many) and other researchers. Timiriazeff proposed
that ‘chlorophyllin’ is a photosensitizer of photo-
synthesis. During 1869–1885, he repeatedly demon-
strated, using different methods, that the main max-
imum of the action spectrum of CO2 assimilation and
oxygen production by green plants is in the red, close
to the red absorption maximum of ‘chlorophyllin.’
These data were of great importance because many
researchers (W. Draper, J. Sachs, W. Pfeffer et al., dur-
ing the period of 1844–1871) thought that maximum
efficiency corresponded to blue-green or green-yellow
light and coincided with the maximum efficiency of
vision. Timiriazeff’s data correlated with the prelimin-
ary observations of Wolkoff (1866), who claimed that
the maximum of the photosynthesis action spectrum
is shifted to the red, as compared to that for the pho-
totransformation of silver salts. Later, the existence
of the red maximum in the action spectrum of pho-
tosynthesis was also observed by a German scientist
N. Müller (during 1872–1875) and finally proved by
two other German scientists T.W. Engelmann and J.
Reinke (during 1882–1884) (Timiriazeff 1869, 1871,
1904, 1923; Lubimenko 1910; Lubimenko and Bril-
liant 1924; Kursanov 1967 and references therein).

To explain the photosensitization mechanism of
‘chlorophyllin,’ Timiriazeff proposed that it combines
the properties of an optical and chemical photosensit-
izer. He thought that the structures and mechanisms
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of action of chlorophyllin and hemoglobin might be
similar, and therefore, chemical photosensitization
might be a result of ‘chlorophyllin’ photoreduction or
photooxidation. Preliminary evidence in favor of Chl
reduction by zinc was presented in the early exper-
iments of Berzelius (1838). Timiriazeff described a
reversible reaction (‘Timiriazeff reaction’), which con-
sisted of the discoloration of Chl after the addition of
zinc powder and acetic acid to air-free solutions of
Chl in pyridine, followed by restoration of the initial
color after oxygen purging (Timiriazeff 1904, 1923
and references therein). Many researchers later stud-
ied this reaction. It was shown that its mechanism
is strongly dependent on the experimental conditions.
In certain cases the reaction was irreversible and led
to Chl destruction, while in some cases it was fully
reversible and corresponded to Timiriazeff’s scheme
(Godnev and Kalishevitch 1945; Kosobutskaya and
Krasnovskii 1950; Rabinowitch 1951; Evstigneev and
Gavrilova 1956; Seely 1977 and references therein). In
1896, Timiriazeff stopped his experimental work and
concentrated his efforts on the popularization of pho-
tosynthesis research. He stressed the cosmic role of
plants and Chl, which are bridged between the living
nature of our planet and the Sun. His major concepts
were summarized in the Croonian lecture delivered in
1903 at the London Royal Society (Timiriazeff 1904)
and in the book ‘Sun, life and chlorophyll’ finished
just before his death, which comprised his major pub-
lications and lectures (Timiriazeff 1923, published
posthumously).

Chlorophyll isolation and structure

In view of the fact that extracted ‘chlorophyll’ was
a mixture of many compounds, it was very import-
ant to find a procedure for extraction of the green
pigment alone. In 1881, a St. Petersburg botanist
and plant physiologist Famintzin’s pupil Ivan Par-
fen’ievitch Borodin (1847–1930) (Figure 3), found
that if leaves were fixed by alcohol and dried, one
could see through the microscope triangular or hex-
angular dark-green crystals readily dissolved in ether
and insoluble in benzene and petroleum ether. Crystals
were found in 190 plant species among 776 investig-
ated. Borodin proposed that the crystals belonged to
modified chlorophyll (Borodin 1881, 1882). Borodin
was widely recognized for his outstanding contribu-
tions to the development of Botany in Russia. In
particular, he founded the Russian Botanical Journal.
Borodin’s crystals attracted the attention of many re-

searchers. During 1890–1893, Nikolai Avgustinovitch
Monteverde (1856–1929) (Figure 4) continued this
work. Monteverde was Famintzin and Borodin’s pupil
and the principal botanist of the Imperial St. Peters-
burg Botanical Garden. He showed that the red ab-
sorption spectrum of the crystal-forming pigment was
similar to that of chlorophyll (Monteverde 1893).

Mikhail Semenovitch Tswett (1872–1919) (Fig-
ure 5) finally solved the problem of Chl isolation.
Tswett was born in Italy, graduated from Geneva
University in 1896 and then moved to St. Peters-
burg where he worked in contact with Famintzin’s
group. In 1900, he defended his ‘magister’ disserta-
tion ‘Physico-Chemical Composition of the Chloro-
phyll Grain’ at the Kazan University. He formulated
in it the principles of the chromatography method
(‘chromatography’ is Tswett’s term), and showed the
existence of two Chls in the chlorophyll grain. In
1901, Tswett moved to Warsaw. In 1910, he pub-
lished his major work ‘Chromophylls in Plant and
Animal World,’ which was also his doctoral disserta-
tion, defended at the Warsaw University. This work
is usually considered to be a formal starting point of
the chromatography method. Using this method, he
finally proved that ‘chlorophyll’ is a mixture of two
green pigments, ‘chlorophyllins alfa and beta’ and
several yellow pigments (Figure 6). He also found that
Borodin’s pigment is chemically different from natural
‘chlorophyll’ (Tswett 1906a, b, 1910a, b, and refer-
ences therein). Tswett was a very emotional person
and could not easily get along with his colleagues.
Therefore, his life was not too happy, especially during
the last seven years, which coincided with huge cata-
clysms in Russian history. However, it is also true that
his method was too innovative at that time and was
not accepted by researchers during Tswett’s lifetime.
He died in Voronez during the civil war, still rather a
young man. His grave was restored and is now main-
tained by nuns of the Voronez St. Alekseevo-Akatov
convent (Figure 7).

Lack of a reliable procedure for Chl isolation
hampered decoding of its chemical structure for a long
time. In 1851, F. Verdeil in France, then Timiriazeff in
Russia (1869–1875) and F. Hoppe-Seyler in Germany
(1879–1881) proposed that the chemical structures of
hemin and chlorophyll might be similar. Hoppe-Seyler
reported that both compounds formed red ‘porphyrin’
after certain treatment (see references in Timiriazeff
1904; Lubimenko 1910; Lubimenko and Brilliant
1924; Rabinowitch 1951). Serious chemical evidence
supporting this idea was obtained at the very end
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Figure 3 (left). Ivan Parfen’ievitch Borodin (1847–1930). From Komarova (1917). Figure 4 (center). Nikolai Avgustovitch Monteverde
(1856–1929). From Volkov (1984). Figure 5 (right). Mikhail Semenovitch Tswett (1872–1919). From Tswett (1946, published posthumously).

of 19th century by a St. Petersburg biochemist
Marcelii Vilgelmovitch Nencki (1847–1901) (Fig-
ure 8) and his follower and collaborator Leon Pavel
Marchlewski (1869–1946) (Figure 9). Nencki was
born in Poland, studied in Germany and graduated
from Berlin University. In 1877, at 30 years of age,
he became an ‘ordinary professor’ of physiological
chemistry at Bern University. In 1891, he was invited
to St. Petersburg as head of the Chemistry Department
of the Institute of Experimental Medicine. March-
lewski was born in Poland, studied in Zurich, worked
during several years in England and then returned to
Poland. Nencki and Marchlewski published many im-
portant papers dealing with porphyrin chemistry. In
particular, during 1897–1901, they obtained meso-
porphyrin, showed that its chemical structure was
intermediate between hematoporphyrin and a chloro-
phyll derivative ‘phylloporphyrin’ and found that both
chlorophyll and hematoporphyrin formed hemopyrrol
after certain treatment, which was a mixture of four
alkylpyrrols (for references, see Marchlewski’s mono-
graph 1909). The sudden death of Nencki in 1901
slowed down this work, which was taken over and
brilliantly continued by R. Willstätter and A. Stoll
and their coworkers. They succeeded in decoding the
basic molecular structure of Chls a and b and also
showed that Borodin’s crystal-forming pigment was a
mixture of methyl- and ethyl-chlorophyllides, which
appeared as a result of reaction of native Chl with
an enzyme chlorophyllase (Willstätter and Stoll 1913,
1918 and references therein). It is noteworthy that in
1915, Richard Willstätter received the Nobel Prize
in Chemistry for the elucidation of the Chl structure
and in 1929, he was elected an honorary member
of the USSR (Union of Soviet Socialist Republics)

Academy of Science (see Porra, 2002, for Willstätter’s
photograph).

Protochlorophyll and bacterial chlorophylls

The process of greening of etiolated leaves was stud-
ied in early Famintzin’s papers. Timiriazeff described
the absorption spectrum of the fluorescing pigment
isolated from etiolated leaves. Monteverde continued
these studies, proposed to call the pigment ‘proto-
chlorophyll’ and showed that in leaves protochloro-
phyll forms chlorophyll upon illumination (Mon-
teverde 1893, 1894 and references therein). After the
first decade of the 20th century, Vladimir Nikolaevitch
Lubimenko (1873–1937) actively joined in with pig-
ment research. Lubimenko (Figure 10) graduated from
the Petersburg Forestry Institute where he was a stu-
dent and assistant of I.P. Borodin. In 1908, after
five years of work in Germany and France (he was
especially strongly influenced by Professor Gerbert
Bonier in France), he moved to Nikitskii Botanical
Garden near Yalta (Crimea), where he organized a
botanical-physiological laboratory. He invited Mon-
teverde to collaborate. They found that protochloro-
phyll concentration is very high in pumpkin seeds and
investigated in detail the protochlorophyll absorption
spectra in seeds and pigment extracts (Monteverde and
Lubimenko 1911a, b, and references therein).

Pigments of purple bacteria were studied by
the discoverer of bacterial chemosynthesis Sergei
Nikolaevitch Winorgradsky (1856–1953) and recog-
nized microbiologists Georgii Adamovitch Nadson
(1866–1940) and Vladimir Martinovitch Arzikhovskii
(1876–1931). In 1903 and 1904, Nadson and Arzik-
hovskii isolated a green pigment from bacterial cells
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Figure 6. Tswett’s chromatograms. 1 – a set up for chromatography
separation of pigments; 2 – a chromatogram (a scheme) of normal
chlorophyll; 3 – a chromatogram of chlorophyll treated with acid. R
is a flask with a pigment solution, A is a cylinder with an adsorbing
powder, V is a flask connected with an air pump. From Tswett
(1910). For a color version of this figure, see color section in the
front of the issue.

(Nadson 1903, 1912a; Arzikhovskii 1904). In 1907, a
German researcher H. Molish confirmed this observa-
tion and proposed to call the green pigment ‘bacterio-
chlorin.’ During 1921–1923, Lubimenko investigated
the absorption spectra of bacterial pigments in the
400–750 nm region. He found that the native pigment
is blue. It is unstable in the presence of air, and the
green pigment is its oxygenation product (Lubimenko
and Brilliant 1924 and references therein). A German
scientist E. Schneider (1934) and his coworkers es-
tablished the chemical structure of the blue pigment
and proposed to call it ‘bacteriochlorophyll.’ Nadson

Figure 7. Tswett’s grave at the St. Alekseevo-Akatov convent in
Voronez. Photo taken by the author.

Figure 8 (left). Marcelii Vilgelmovitch Nencki (1847–1901). From
Engelgardt (1951). Figure 9 (right). Leon Pavel Teodor March-
lewski (1869–1946). From Volkov (1984).

(1912b) and Monteverde and Perfil’ev (1914) extrac-
ted a chlorophyll-like pigment from green bacteria.
Its absorption spectrum was similar to that of Chl a,
but its chemical properties were different. Lubimenko
claimed that the chemical properties of this pigment
resemble those of bacteriochlorin (Lubimenko and
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Figure 10 Vladimir Nikolaevitch Lubimenko (1873–1937). From
Brilliant (1940).

Brilliant 1924). P. Metzner in Germany supported
these observations and proposed to call this pigment
‘bacterioviridin’ (1922). These data preceded the clas-
sical works of E.C. Wassink, E. Katz et al. (1939)
and C.S. French (1940), who reported detailed ab-
sorption spectra of bacteriochlorophylls of green and
purple bacteria in living cells and organic solvents (see
Rabinowitch 1951 and references therein).

State of chlorophyll in plants

It has been known since the 1870s that the red ab-
sorption band of Chl in leaves is shifted to longer
wavelengths as compared to Chl solutions. Timiriazeff
wrote about the existence of ‘solid chlorophyll’ in
plants (Timiriazeff 1904). Tswett believed that in situ
pigments are absorbed by lipoprotein macromolec-
ules. He also proposed the existence of ‘chloroglobin,’
a special pigment-lipoprotein complex responsible for
the photochemical reactions of photosynthesis (a pro-
totype of the reaction centers) (Tswett 1906, 1910, and
references therein). Dmitrii Iosifovitch Iwanowsky
(1864–1920), Famintzin’s pupil, who is widely known
as a discoverer of viruses, began pigment research
in 1907 when he moved from St. Petersburg to
Warsaw. He observed that the absorption spectra of
colloidal chlorophyll solutions, which are formed if
water is added to acetone or alcohol extracts of plant
pigments, resembled those of chlorophyll in leaves.
He proposed that plant pigments are in the colloid
state in leaves and that this causes high photostabil-
ity of chlorophyll in vivo (Iwanowsky 1907, 1913).

Timiriazeff’s follower and one of the founders of
the Soviet plant physiology school, Vladimir Ivan-
ovitch Palladin (1859–1922), thought that chlorophyll
was associated with lipoids (phosphatids) in plants
(Palladin 1910). These ideas were widely discussed
(Willstätter and Stoll 1913, 1918, and references
therein). Tswett and Lubiminko believed that chloro-
phyll and its bacterial analogs were a part of the native
protein-pigment complexes comprising green and yel-
low pigments. Lubimenko proposed a simple proced-
ure for isolation of this complex from certain plants,
based on disintegration of the leaves in cold water fol-
lowed by filtration of the green material (Lubimenko
1910; Lubimenko and Brilliant 1924).

The transition period (1922–1946)

The first half of the 20th century was a time of wars
and revolutions followed by the destruction of the
Russian Empire (1917), civil war, formation of the
Soviet Union (1922), a long transition period and then
the Second World War (1941–1945). It was also a
time of revolutionary discoveries in physics and chem-
istry. The Soviet Union inherited from old Russia
professional plant physiologists, botanists, microbio-
logists and good specialists in all major branches of the
natural sciences. As shown above, the development
of chlorophyll research in the Russian Empire was
mainly due to the efforts of plant physiologists and
biochemists. For further progress, professional chem-
ists and physicists were required. This was mentioned
in articles by Alexey Nikolaevitch Bach (1857–1846)
(the author of the peroxide theory of slow oxygena-
tion processes), in Timiriazeff’s papers and especially
in a series of remarkable reviews, which appeared in
the 1930s in the Soviet scientific literature (Krashe-
ninnikov 1935; Lubimenko 1935; Brilliant 1937;
Nekrasov 1937). The strength of the physico-chemical
methods was brilliantly demonstrated in 1941 by the
D.I. Vernadsky follower, Alexander Pavlovitch Vino-
gradov (1895–1975) (Figure 11) and his coworker
Rufina Vladimirovna Teis (1896–1986) (Figure 12),
who showed, using oxygen isotopes, that photosyn-
thetic oxygen appears as a result of water splitting
(Vinogradov and Teis 1941; Vinogradov 1947). This
work was done in parallel with that at the University
of California (at Berkeley; see Sam Ruben et al. 1941).

In 1945, volume I of a famous book by Eugene I.
(Evgenii Isakowitch) Rabinowitch (1901–1973) (Fig-
ure 13) ‘Photosynthesis and related processes,’ ap-
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Figure 11 (left). Alexander Pavlovitch Vinogradov (1895–1975). From the archive of the D.I. Vernadsky. Institute of Analytical and Geological
Chemistry Russian Academy of Science. Figure 12 (right). Rufina Vladimirovna Teis (1896–1986). Photo taken in the 1970s, from the archive
of the D.I. Vernadsky Institute of Analytical and Geological Chemistry RAS.

peared. Though this book was written in the USA
it greatly influenced the studies of chlorophyll and
photosynthesis in the Soviet Union. Rabinowitch was
born and raised in St. Petersburg. Due to the cata-
clysms caused by the Russian revolution, his family
moved to Kiev (Ukraine) when he was about 17 and
then to Poland. From Poland Rabinowitch went to
Germany, where in 1925 he received his PhD degree
in inorganic chemistry. He then worked with James
Franck, which led to the ‘Franck-Rabinowitch effect,’
also known as ‘the cage effect’ in photochemistry. In
1933, during the Nazi rule, his fellowship in Germany
was cancelled; he then went to Niel Bohr’s laboratory
in Denmark and from there to the UK. In 1938, he
was invited to lecture in the USA and stayed there
until his death in 1973 (see Bannister 1972). He knew
and loved the Russian language and read and keenly
discussed the studies of Soviet researchers. Due to
his efforts, Soviet scientists obtained an opportunity
to be involved in the world-wide discussion of photo-
synthesis problems through the ‘iron curtain’ that was
closed at that time. A Russian translation of this book
(v. 1) appeared in Moscow in 1951. The translator
was Prof. N.D. Leonov and the editor was Prof. A.A.
Nichiporowitch. Volume II (part I) (1951) appeared
in Russian in 1953 and Volume II (part II) (1956) in
1959.

The 1940s–1950s was also a period of the
peak activity of an outstanding scientist Alexander
Nikolaevitch Terenin (1896–1967) (Figure 14), who
greatly stimulated the development of pigment pho-
tochemistry and photophysics in the Soviet Union
(Levshin 1985, see also Borisov 2003). He gradu-

ated from the Petrograd (St. Petersburg) University
in 1922 and than joined the staff of the Chair of Op-
tics and the Optical Institute, where he organized the
photochemistry group. Initially, Terenin investigated
mercury electronic orbitals and UV-induced dissoci-
ation of sodium chloride molecules in a vapor-phase.
In 1927, he worked with P. Pringsheim in Berlin and
visited many laboratories in Europe. Both Terenin and
his supervisor, a recognized physicist, Dmitrii Ser-
geevitch Rozdestwenskii (1876–1940), believed that
the main problem of photochemistry was photosyn-
thesis; therefore, from 1935 Terenin began studies of
complex organic molecules. In 1943, a year before G.
Lewis and M. Kasha (Lewis and Kasha 1944), Terenin
claimed that the metastable phosphorescence state of
the dyestuffs is a triplet (‘biradical’). He wrote that
the lifetime of the triplet state of the dyes was much
longer then that of the fluorescence of the dyes. Hence,
the steady-state concentration of metastable dye mo-
lecules might also be much higher than that of dye
molecules in the excited singlet state. Therefore, he
agreed with H. Kautsky (1939) and J. Franck (1941)
that the metastable state of dyes can be more effi-
cient in the promotion of photochemical reactions than
the fluorescence state of dyes (Terenin 1943, 1944).
In 1947, Terenin’s famous book ‘Photochemistry of
Dyestuffs’ appeared, which, together with the next
edition (1967), became a manual for several gener-
ations of Soviet photochemists and photobiologists
(Terenin 1947a, 1967).

In 1946, at the first All Union Photosynthesis
Conference, Terenin presented a remarkable lecture,
which was published in 1947. He adopted the idea
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Figure 13 (top). Eugene I. (Evgenii Isakowitch) Rabinowitch (1901–1973) reading a newspaper at the international biophysics congress in
Sweden in 1961. To his left are Rajni Varma Govindjee and Govindjee (hand on his face) (photo is a gift from Govindjee).
Figure 14 (bottom). Alexander Nikolaevitch Terenin (sitting), Alexander Abramovitch Krasnovsky (just behind him), Galina Petrovna Brin
(woman in white) and Vyacheslav Borisovitch Evstigneev. Photo taken at the Institute of Biochemistry, Moscow, 1946. From the Krasnovsky
family archive.

that photosynthesis is a redox photochemical process.
Hence, it should be initiated by a redox photosensit-
izer, which acts in a similar way to the Michaelis
mechanism of redox reactions and the primary light
driven reaction should be charge (electron) transfer
and the primary intermediates – ion-radicals. It should
be accompanied by proton translocation, which is a
much slower process. He found Szent-Gyorgyi’s idea
unlikely. Szent-Gyorgyi had proposed that biochem-
ical systems resemble a semiconductor crystal, in
which electrons can migrate inside the energy zones.
Therefore, Terenin found it highly promising to in-

vestigate the roles of both singlet and triplet states
as well as free radicals in the photobiochemical re-
actions, and believed that spectroscopic and fluores-
cence methods in combination with other methods of
physico-chemical analysis were the most useful for
this research (Terenin 1947b).

This lecture was actually a presentation of an ex-
tensive research program, which Terenin wanted to
initiate, and eventually did, in the Soviet Union.
From 1945, Terenin began the restoration of his
photochemistry laboratory in Leningrad (St. Peters-
burg), which was destroyed by the War. At the same
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time, he invited a young photochemist Alexander
Abramovitch Krasnovsky (1913–1993) (Figure 14) for
a doctoral position and the organization of the photo-
biochemistry laboratory at the Institute of Biochem-
istry of the USSR Academy of Science in Moscow
(Krasnovsky 1992, 1994). The director of the Bio-
chemistry Institute A.N. Bach and vice director V.A.
Engelgardt keenly supported this initiative. Terenin
and Krasnovsky had been acquainted since 1939,
when Krasnovsky worked on his PhD (‘candidate’)
dissertation at the D.I. Mendeleev Institute of Chem-
ical Technology. Terenin was first an informal adviser
and, then, a formal ‘opponent’ of Krasnovsky’s work
(Krasnovsky 1992, 1994). The first associates of the
photobiochemistry laboratory were Galina Petrovna
Brin (1919–1992) (Figure 14), who came in 1945,
and Vyacheslav Borisovitch Evstigneev (1909–1977)
(Figure 14), who started in 1946. Vera Afanas’evna
Gavrilova (1909–1983) and Ksenya Konstantinovna
Voinovskaya joined them in 1948–1949, Larisa Me-
fodievna Kosobutskaya-Vorobyeva, in 1950.

Photochemistry groups also existed in Ukraine
and Byelorussia. The Ukrainian group was organized
in 1933 by Boris Jakovlewitch Dain (1900–1973) at
the Institute of Physical Chemistry of the Ukrainian
Academy of Science. Terenin supported its organiz-
ation and was also an ‘opponent’ of Dain’s doctoral
dissertation, which was defended in 1942 in Ufa. This
group initially dealt with investigation of the photo-
chemistry of transition metals. After the War, due to
the influence of Terenin and Krasnovsky, they began
studies of the photochemistry of chlorophyll and por-
phyrins. Iosif Iosifovitch Dilung headed this group
after Dain’s retirement.

Tichon Nikolaevitch Godnev (1893–1982) organ-
ized the Byelorussian group dealing with the prob-
lems of photobiochemistry (Figure 15). He graduated
from Moscow University in 1916, where his su-
pervisor was Timiriazeff’s pupil Fedor Nikolaevitch
Krasheninnikov (1869–1938). After graduation, God-
nev moved to the Astrachan University and then to the
Ivanovo-Vosnesensk Polytechnical Institute. In 1927,
he was invited to Byelorussia and from 1935 worked
in both the Byelorussian State University and Byelor-
ussian Academy of Science. He was interested in the
biosynthesis and chemistry of chlorophylls and their
bacterial analogs. The Minsk school was represen-
ted by many outstanding researchers, as for example,
Godnev’s follower and successor, a recognized bio-
chemist Alexander Arkadievitch Shlyk (1928–1984)
and physicists Georgii Pavlovitch Gurinovitch (1933–

Figure 15. Tichon Nikolaevitch Godnev (1893–1982). From Shlyk
(1974).

1994), Konstantin Nikolaevitch Solovyov and their
coworkers.

The beginning of growth (1946–1952)

The photobiochemistry laboratory in Moscow began
to work with great energy and productivity. During
the first 5 years (1946–1950), the group published 42
experimental papers and 4 reviews (one was written
by Terenin, three others by Krasnovsky). Their ma-
jor goal was to find experimental evidence showing
that Chl and related pigments are capable of reversible
photoinduced reduction or oxidation, and that semi-
reduced or semi-oxidized pigment forms can mediate
the photosensitized electron transfer. One should re-
member that flash photolysis and sensitive ESR tech-
niques were not available at that time. The state of the
art in this field was described in detail by Rabinowitch
(1945). The mechanism of the reversible ‘Timiriazeff
reaction’ seemed not quite certain and this reaction
also did not require light. It was known that Chl
photosensitizes the oxygenation of many organic com-
pounds and the reduction of azo dyes or methyl red
by phenylhydrazine. However, the elementary mech-
anisms of these reactions were not understood (see
references in Rabinowitch 1945). The most import-
ant information about reversible Chl phototransform-
ations was reported by Rabinowitch and Weiss (1936,
1937), Porret and Rabinowitch (1937) and Livingston
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(1941). Rabinowitch and Weiss (1936, 1937) showed
that if ferric salts were added to a methanol solution
of Chl, the solution instantaneously changed its color
from green to yellow, and the red absorption band dis-
appeared. The yellow solution could be changed back
into the green form after the addition of ferrous chlor-
ide or another reductant. Discoloration of Chl by ferric
ions was accelerated by light. Rabinowitch and Weiss
suggested that the reaction of Chl with ferric ions was
a reversible Chl oxidation and photooxidation. Later,
Rabinowitch reported that if a low concentration of
ferric ions was used, which did not cause marked dis-
coloration of Chl in the dark, reversible light-induced
Chl bleaching was observed in methanolic solutions.
This photoreaction was not inhibited by oxygen, but
the degree of bleaching was as low (about 1%) as
in Chl solutions, which did not contain ferric salts
(Rabinowitch 1945). Though these observations were
very important, the reaction mechanisms did not seem
quite clear at that time. Rabinowitch wrote that ‘ad-
ditional proof seems to be needed to establish the
correctness of this interpretation’ and also presented
arguments in favor of alternative mechanisms (Ra-
binowitch 1945). Porret and Rabinowitch (1937) and
Livingston (1941) observed reversible photobleaching
of Chl in air-free methanol. The reaction was strongly
enhanced in the presence of formic acid and inhibited
by very low oxygen concentrations (about 10−6 m).
However, it remained unclear whether this reaction
was an example of the primary photoreduction or
primary photooxidation of Chl.

Krasnovsky started from an attempt to observe
reversible Chl photooxidation using air oxygen or ben-
zoyl peroxide as oxidizing agents. It was shown that
intermediate photoproducts were formed, which re-
acted with a reductant, ascorbic acid, with partial res-
toration of the initial Chl (Krasnovsky 1947a, b). The
degree of reversibility was low. In 1948, Krasnovsky
discovered fully reversible Chl photoreduction by
ascorbic acid or phenylhydrazine (‘Krasnovsky reac-
tion’). This reaction was first observed in Chl solu-
tions in pyridine and in ethanol containing pyridine
or ammonium. The spectrum of photoreduced Chl
presented in the first paper by Krasnovsky is shown
in Figure 16. The reaction did not proceed in the
dark and returned to the regeneration of initial Chl
when the light was turned off. The back reaction was
strongly accelerated by oxygen (Krasnovsky 1948).
Then, this reaction was observed in pyridine-water
mixtures and some other solvents in the presence of
different electron donors (Krasnovsky et al. 1949).

Evidence was also obtained that Chl photosensitizes
electron transfer from ascorbic acid to nicotinamide
adenine dinucleotide (NAD) in the solution-phase and
that reduced Chl can transfer hydrogen (electrons) to
appropriate acceptors (including NAD) in the dark
(Krasnovsky and Brin 1949, 1950). In 1949, reversible
photoreduction of protochlorophyll (Krasnovsky and
Voynovskaya 1949); in 1950, reversible photoreduc-
tion of pheophytin (Evstigneev and Gavrilova 1950);
and in 1951, reversible photoreduction of bacterio-
chlorophyll and bacteriopheophytin (Krasnovsky and
Voynovskaya 1951) were observed. In order to study
the roles of Chl singlet and triplet states, Evstigneev
and Krasnovsky investigated the quenching of Chl
fluorescence by electron donors and electron accept-
ors. They found that oxygen and p-benzoquinone
strongly quenched, while the reducing agents, hy-
droquinone, ascorbic acid, KI and NaI did not quench
Chl fluorescence (Evstigneev and Krasnovsky 1948).
In 1950, a more detailed study was reported. It was
shown that though quinone causes strong fluorescence
quenching, no photoreaction was observed between
Chl and quinone in pigment solutions. On the con-
trary, ascorbic acid, which does not quench Chl
fluorescence, causes efficient photoreaction. These
observations led to the conclusion that the triplet
state is responsible for photoreduction of the pig-
ments (Evstigneev et al. 1950). Terenin thought that
quenching of dye fluorescence by electron acceptors
and donors also reflects a reversible photochemical
reaction, which involves a rapid electron exchange
between the quenchers and the excited singlet states
of dye molecules and does not lead to long-lived
reaction products (Terenin 1947a). Though certain
mechanistic details remained unclear, in 1950–1962,
the ‘Krasnovsky reaction’ was the most convincing
example of reversible redox phototransformations of
Chl; it therefore attracted the attention of many re-
searchers. In the Soviet Union, its significance was
especially high, because it correlated with traditional
Timiriazeff’s ideas, supported Terenin’s views on the
importance of the triplet state in photochemistry and
provided a very simple tool for investigation of Chl
photoreactions and photosynthesis.

Evstigneev and Terenin (1951) applied a photo-
electric method to elucidate the primary photoreaction
of Chl, pheophytin and phthalocyanine. They prepared
pigment films on the surface of a platinum electrode
immersed in a saturated aqueous solution of KCl and
measured its electrical potential as compared to a
calomel reference electrode. If oxidants (oxygen or
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Figure 16. Reversible photochemical reduction of chlorophyll (Chl)
a in pyridine by ascorbic acid. 1 – the absorption spectrum of initial
chlorophyll; 2 – the absorption spectrum of Chl after reverse reac-
tion; 3 – an approximate spectrum of a labile photoproduct 6 min
after the end of illumination (E is the optical density, precision of
the E values was ± 10%). From Krasnovsky (1948).

p-benzoquinone) were added to the solution, illumin-
ation of pigment films caused a positive shift of the
charge of the Pt electrode. If reductants (hydrosulfite,
hydroquinone or ascorbic acid) were added, the charge
was shifted to the negative side. This experiment
showed that Chl was capable of both photoinduced
oxidation and reduction, which was consistent with the
‘Rabinowitch–Weis’ and ‘Krasnovsky’ reactions.

In 1950, Dain’s group in Kiev joined the Chl
photochemistry research. In 1950 and in a series of
subsequent papers, they reported that the Rabinowith–
Weiss reaction might be more complicated than the
authors had suggested, because it was accompanied by
the formation of pheophytin, complexes of Chl with
iron salts and irreversible replacement of magnesium
by iron (Ashkinasi et al. 1950; Butzko and Dain 1958).
The contribution of these processes was also already
discussed by Rabinowitch in volume I of his book
(1945). For more detailed discussion of the reaction
mechanisms, see a review by Gilbert Seely (1977).

In 1951, Dain’s group reported on a very important
reversible reaction that was observed after illumina-
tion of the Chl solutions in ethanol or ethanol-ether
(1:3) by UV-light at liquid air temperature. Upon
UV-light exposure, the red Chl absorption band disap-
peared and then returned after melting. The effect was
interpreted as photooxidation of pigment molecules

due to trapping of electrons by solvents. The reaction
was not observed under red light (Kachan and Dain
1951). H. Linshitz and J. Renert (1952) found similar
reversible Chl photobleaching at −190 ◦C in glassy
solvents under both blue and red light and showed that
this effect was strongly enhanced after the addition of
quinone or imine. Bleaching of Chl absorption bands
was accompanied by an increase of absorption in the
green and dark red regions. These papers showed that
fully reversible Chl photooxidation by quinones might
be observed at low temperature. However, unambigu-
ous experimental proof of the existence of such a
reaction was obtained 10 years later in parallel exper-
iments by G. Tollin and G. Green (1962), who used
low-temperature ESR measurements, and Krasnovsky
and Drozdova (1963, 1964) who used low-temperature
spectroscopic measurements. The latter authors also
showed for the first time that bacteriochlorophyll un-
dergoes reversible photooxidation by quinone. The
reversible photoxidation of Chl by quinone at room
temperature was only observed in 1967, using the flash
photolysis technique (Chibisov et al 1967). (See also
J. Fajer, Part 3 of the history issues, forthcoming, for
discussions on spectra of oxidized Chl in solutions and
in reaction centers.)

During 1949–1952, Krasnovsky and his coworkers
began to explore the problem of the Chl state in plants.
They repeated Iwanowsky’s measurements of the ab-
sorption spectra of the pigments in colloidal solutions
(Iwanowsky 1907, 1913) and compared them with the
absorption spectra of pigments in solid films and living
organisms (Krasnovsky and Brin 1948; Krasnovsky
and Kosobutskaya 1952; Krasnovsky et al. 1952).
The experiments with bacteriochlorophyll a were the
most successful (Figure 17). It was found that the ab-
sorption maximum of aggregated bacteriochlorophyll
resembles that of BChl in cells of photosynthetic bac-
teria and is strongly shifted to the longer wavelengths
(to 850 nm) as compared to monomeric pigment (790
nm). Therefore, it was concluded that the pigment-
pigment interactions might play a major role in the
spectral properties of the pigments in the photosyn-
thetic apparatus.

The papers of 1946–1952 ended the transition
period and started a period of explosive growth of
research in photosynthesis in the Soviet Union. The
photobiochemistry laboratory, headed by Krasnovsky,
became a leader of chlorophyll research in the So-
viet Union. Investigation of reversible photoreduc-
tion and reversible photooxidation of chlorophylls,
bacteriochlorophylls, protochlorophyll, pheophytins
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Figure 17. Absorption spectrum of the bacteriochlorophyll (BChl)
solid films measured at 20 ◦C. I – a film obtained by evaporation of
the BChl solution in ether; II – the same after heating to 60 ◦C; III
– after cooling to 5 ◦C and 45 min storage at this temperature. From
Krasnovsky et al. (1952).

and related pigments, as well as studies of pigment-
photosensitized electron transfer, pigment-pigment in-
teractions, photochemistry and spectroscopy in pig-
ment solutions and model systems and in plant and
bacterial cells became the main direction of further
research. The major landmarks of the growth period
were partially reflected in Krasnovsky’s recollections
(1992, 1994) (also see O. Belyaeva, A. Borisov and
V. Klimov, this issue, for research on other aspects of
photosynthesis in Russia).

Concluding remarks

This paper stops at 1952, which was half a century
ago. At that time, researchers did not have good
methods for the physicochemical analysis of Chl re-
actions in the photosynthetic apparatus and focused
their effort on models based on Chl solutions. Modern
scientists are armed with fast time-resolved meth-
ods based on the use of nanosecond, picosecond and
even femtosecond lasers, sensitive differential spec-

trophotometers, sensitive fluorimeters, Electron Spin
Resonance (ESR) and Fourier Transform Infra Red
(FTIR) spectrometers, low temperature techniques, X-
ray structural analysis and well developed biochemical
methods of isolation of active structural fragments
from the photosynthetic apparatus. Therefore, many
researchers prefer to deal with isolated fragments of
the photosynthetic apparatus, or living cells. Studies of
Chl solutions are now much less popular. Application
of the above-mentioned arsenal allowed the resolution
of many problems that could not be resolved in earlier
times. One of these problems is the role of singlet and
triplet states in photosynthesis. As discussed above,
the photochemistry of Chl solutions was initiated by
the Chl triplet state. In the photosynthetic apparatus,
photoinduced electron transport is promoted by the the
singlet states of the reaction center Chl, while the Chl
triplet states, which are also formed, generate sing-
let oxygen and are responsible for photodestruction
and photoinhibition (see, for example, Krasnovsky Jr.,
1994, and references therein). A concept that redox
photoreactions of Chl promote the process of photo-
synthesis via intermediate formation of ion-radicals,
which was brilliantly demonstrated on Chl solutions,
was fully confirmed by modern studies and many new
details were revealed. In particular, it was shown that
primary photooxidation of reaction center Chl is more
important than its primary photoreduction for pho-
tosynthetic electron transport. An idea that pigment-
pigment interaction governs the spectral properties of
pigments in living cells is shown to be correct in some
cases. However, the pigments are associated with
proteins in the photosynthetic apparatus and there-
fore their spectral properties are strongly influenced
by the protein carriers. At any rate, the results of
the research work of early years mentioned in this
paper laid down the basics upon which current con-
cepts of photosynthesis are built. Thus, the seminal
work of our predecessors deserves high respect and
acknowledgement.
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