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XXo3ed NMpucTtan, MUHUCTP aHIIMACKOro NpaBuUTeNIbCTBa, XMMUK U dpunococd o6Hapyxus 4tTo
PacCTEHMUSA OYULLAIOT BO3AYX, KOTOPbIA UCNOPYEH rOPEeHNEM CBeYUN UM AblIXaHUEM MbIlUUN, OAHAKO
OH He 3aMeTWJ1, UTO OYMLLEeHMe Bo34ayXa NPoOMCXOAMT NINLUDb NPU AENCTBUU CBETa HAa pacCTeHus

OnbiT Mpuctnu

O,«— HgO,

Priestley J. (1772) Observations on different kinds of
air. Phil. Trans. R. Soc. London 62:147-264

Mpuctnu 6bIN N30paH NovYeTHbIM YrneHomMm Poccunckon Akagemumn
Hayk B 1781 r.




B 1779, Jan Ingen-Housz noka3san, 4To Ana ucnpaBneHus
BO34yXa, MCMOPYEHHOro ropsiLiey CBe4You Ui gbiXxaHnem
XUBOTHbIX, PAaCTEHUSIM HY>XeH COJIHEYHbIN CBeT

Jan Ingen-Housz (Dutch physician, physiologist and chemist)
He also advanced two important ideas:

(1) Light is probably absorbed by green
parts of plants (1779).

(2) Using Lavoisier judgment that fixed air is
CO,, he proposed that fixed air is a source of
carbon in plants (1796).

1730 - 1799

Ingen-Hous J. “Experiments upon Vegetables, discovering Their Great power of
Purifying the common air in Sunshine and Injuring it in the Shade and at Night”,
Elmsly and Payne, London. 1779.




AHTyaH JlopaH JlaBya3be

Anryan Jlopan JlaByasse

1743-1794

NMoka3an, 4yTo BCe npouecCbl rOpeHusa wu
AObIXaHUA oOnpeaensrTcaA KUCIOPOAOoM
BO34yXa. TepMuH “oxygen” ObIn
onyonukoBaH JlaByazbe B 1785-1786 r.
CMbiCn TepMMHa TOYHO COOTBETCTBYeT
pycckomy nepeBoay ‘Kmcnopoa’:
poxaarowmn kucnoty. Ty 4yactb Bo3ayxa,
KOTopas He y4yacTByeT B [AblXaHUU, OH
Ha3Ban a3oTtom. a3, BO3HMKaOWUU NpU
ropeHUM U AbiXaHuKM, OH HasBan
YrMeKUCnbiM rasoMm W nokKasan, u4To
YrneKUcribin ra3 CoCTOUT U3 Kucriopoaa u
yrnepoaa,

Lavoisier A.-L. Oeuvres de Lavoisier. Tome premier. Traité élémentaire de chimie. 1789.
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Absorption spectroscopy



CneKTp CONHEeYHOro U3ny4eHus Ha NOBePXHOCTU 3eMnu
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688 nm 762 nm
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B 1801, Wollaston and B 1814, Fraunhofer o6Hapyxunu
TeMHble NMUHuUU (PpayHrodepoBbl JIMHUU) B CNEKTpe
CONMHEYHOro n3ny4yeHus

William Hyde Joseph von
Wollaston, 1766-1828 Fraunhofer, 1787-1826



EropoB
Hukonawu NpuropbeBuy
(1849-1919

XXypHanb Pycckazo du3uko-xumudeckazo obujecmaea,
m. 17, 8A, c. 138, 1885

“H.I'. E2opoe coobwaem o pe3ynbmamax ceoux HabsnrodeHuu Had
CMEeKmMpoOM Mo2/I0WeHUsI amMOC@epHO20 CJsIos8 MOoJWuHoU 8 3 KM
Mex0y  YHueepcumemckol = acmpogpusuyeckou  bawHeu u
dusuyeckum kabuHemom MeduyuHckou akademuu e C. [lemepbypee.
Imom crnou oka3lasics docmamo4YHbIM, Ymobbl Oamb 8 criekmpe
asieKmpu4ecKko20 ceema 80JIHbI 2pynnbli A u B “.

In 1881-1885, Nikolai Egoroff (1849-1919) (Docent of the St. Petersburg
University and Professor at the St. Petersburg Military Academy),
using a strong projector and telescope found Fraunhofer’s lines A and
B (762 and 688 nm) in the absorption spectrum of the 3-10 km layer of
air. Then, he observed these bands and also three additional bands at
626, 574 and 476 nm using a 60-m tube filled with oxygen pressured to

6 atm.
Egorov N.G. Compt. Rend. Acad. Sci, 101, 1143, 1885



P. Janssen K. Olszewski
(1824-1907) (1846-1915)

In 1885-1888 Janssen confirmed In 1887-1890 Olszevski found

Egoroff’'s measurements with air {he same bands in liquid oxygen
and compressed oxygen

D E b

Olszewski’s spectrum of dimers (O,), in liquid oxygen

Sir J. Dewar
1842-1923

1889-1890

4
Harold Babcock
1882-1968

1927



In 1928, Mulliken applied to oxygen the molecular orbit theory and concluded
that oxygen molecules have the triplet ground state and two excited singlet
states of relatively low energy

Singlet 10: [ 1X;(0)] state

)

Singlet 10 [ 1Ag(0)] state

A

P Gerhard Hertzberg
E _— German and Canadian physicist
s 1904-1999
\o
~

Robert Sanderson Mulliken

1268 nm

1896-1986 G. Herzberg. Photography of infrared solar

(l l) spectrum to wavelength 12,900 A. Nature
(London), 133, 759, 1934.

The dioxygen ground state (302 [ *Xg(0)])

Mulliken. R.S. Nature, 122, Ne 3075, 505, 1928
Mulliken. R.S. Phys. Rev. 32, Ne 6, 880-887, 1928




10, [1Z,"(1)] (T1)
02 ['Z7(0)]

Lines’

Fraunhofer-Egoroff

T

"0z [Ag(D)]

Robert Sanderson Mulliken

1896-1986

*

"0z ['Ag(0)]

:erg

Gerha
1904-1999

1067 nm

Mulliken-Herzberg
lines

02 PE(0)] (1)

Vibronic transitions corresponding to the main atmospheric
oxygen absorption bands




Absorption spectra of gaseous oxygen

Monomers O, Dimols (0,),
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Dianov-Klokov, Opt. Spektrosc. 20, Ne 6, 954-962, 1966
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Kozlov et al., J. Appl. Spektr., Minsk, 2023, 90, # 3



Absorption spectrum of oxygen dissolved at
high pressure (130 atm, 3.5 M) in freon 113
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H.®.Tamanea B.C./letoxoB T.WU. Kapy

HusKonHTeHCMBHAaA nNa3epHan Tepanua
(Low level laser therapy, LLLT)

1965-1990

MepBble nasepbl, NpUrogHbie ANA NCNoib3oBaHUA B buonorum,
(rennit HeoHOBbIN U pybUHOBBIN) 6bINIK caenaHbl B 1960 T.



HNAT (LLLT) >¢ddexktuBHa npu neyeHmn 6onau B
MbiLwLax, 3ybHou 6onn, pepmaTtnToB, peBMaTU3MA,
cnocobcrByeTr NeUeHUI0 CYCTaBOB M 3aXKUBJIEHUIO
PaH, LWUPOKO MNPUMEHAETCA B BeTepUHapPHOWN
MmeguuuHe, Hanpumep, ANA nedyeHua 6erosbix
nowaanen, B CNOPTUBHOM MeauUUHEe U B
peabnnanTaumoHHbIX KANMHUKAX



IR-VIS laser

Emax & 5x103 M-1cm-1

CBETOKUCNOPOAHDbIN 3pderT o T
ﬂ,ﬁ-! T o Tg

250 450 o650 8350 1050 1250 1450

Absorption spectrum of

Ambartzumian R.V. PROC. SPIE, V. 701, p. 341-343, 1986 compressed oxygen



MopaennpoBaHue cBeToKucopoaHoro 3 ektTa B a3pMpoBaHHbIX PpaCTBOPUTENNAX

U3nyyeHme nazepa ——> 30, —> 10, + JIOByWIKa ——> OKMUCJI€HUE JIOBYLUKMH
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V/n, arb. units

765 nm 1273 nm b 1070 nm
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04 r

0,5

, 02}

| , B

750

760 770 780 1240 1250 1260 1270 1280 1290 1010 1060 1110

Wavelength, nm

Action spectra of oxygenation of the singlet oxygen traps under direct excitation of
oxygen molecules by IR laser radiation obtained using tunable titan-sapphire (A),
forsterite laser (B) and GTW optical fiber laser (C) in aerated solutions

Krasnovsky, Abartzumian Chem. Phys. Lett., 2004, 400, 511
Krasnovsky, Kozlov, Biofizika, 2014, 59, 199
Krasnovsky, Kozlov, J. Photochem. Photobiol. A:, 2016, 329, 167
Kozlov, Egorova et al. Optics lett. USA 2021, 46, 556-558
Kozlov, Krasnovsky et al, J. Appl. Spektr., Minsk, 2023, 90, 493-498




Excitation of Fraunhofer lines A and B of dissolved oxygen in aerated

solvents
765 nm (A) 765 nm (A) 770 nm (A)
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Excitation spectra of 10, phosphorescence in aerated .
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solvents using cw lasers with fixed wavelengths.

Benditkis, Kozlov, Goncharov, Krasnovsky. J. Opt. Soc. Of America: B 38, 3410-3416 (2021);
doi.org/10.1364/JOSAB.432684



Vox/l/psox =1 exaA max/1 expsm A(I-IO'APS)

Comparison of V,, and V,,.,,

Diode laser

hv hv
| (oo | e
|+
v
1 02 1 02 1240 12:50 12.50 11‘?0 Il].IIBI} 12'90
l ( Vpsox} v (VOX) ll
Trap Trap Oxygen excitation spectrum

Krasnovsky, Kozlov, Roumbal. Photochem. Photobiol. Sci., 11, 988-997, 2012
Krasnovsky, Kozlov. Biofizika, 59,199—-205, 2014
Krasnovsky, Kozlov. J. Photochem. Photobiol. A., 329, 167-174, 2016
Krasnovsky, Kozlov. J. Biomed. Photonics & Engineering, 3(1) 1-10, 2017
Krasnovsky, Kozlov, Benditkis, Rus. Phys. Journal, 64, 2035-2045, 2022



Absorption spectra of oxygen in aerated CCl, and water
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Krasnovsky, Kozlov, Benditkis, Rus. Phys. Journal, 64, 2035-2045, 2022




CpaBHeHMe cneKkTpa NornoLeHus Boabl U pacTBOPEHHOro
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Molar absorption, arb. units
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Luminescence kinetics and spectroscopy



Singlet oxygen formed in chemical reaction between H,0, and OCI- or by
electric discharge in oxygen flow produces bright luminescence in visible,
red and infrared

H,0,+OCI . '0, +CI + H,0

SBA)TRE; 35 O5-2E;)  OlaI))

oS oes OF o8 o9 1O -2 -4

Khan A.U., Kasha M. J. Chem. Brown R.J., Ogryzlo E.A. Proc. Chem.
Phys. 39, 2105, 1963 Soc., p. 117, 1964




Set-ups with mechanical phosphoroscope,

S-1 PMT and 0.1 ms time resolution

’ N\
Monochromator e 3 * A
Phosphoroscope Xenon lamp Phosphoroscope [ — N Dye (T )
1 kW = 1 1
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— C — 1270 nm
Digitizer Xenon lamp High intensity grating -EC
1 kW monochromator '.3
Computer
Cooled PMT ] 1 A 3 3 -
l/ \/ \ / \/ \. I:I_:_I:I Dyeo (.7) 0. ("Zg) (L))
time, msec
"o n'ff :'?'M ol rotation Digitizer & e
P o [ Computer | Dye-Photosensitizer Oxygen
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Krasnovsky A.A. Biofizika, 1977, v. 22, p. 927

Krasnovsky A.A. Izv. AN SSSR, ser phys. 1978, v. 42, p. 343
Krasnovsky A.A. Photochem. Photobiol., 1979, v. 29, p. 29-36
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Photosensitized luminescence of singlet oxygen

1270 nm

—
g \ 74=30ms
— .
S/ N
0' . - = e TT Y ot
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Figure 3. Normalized specira of delayed luminescence of
protoporphyrin solutions in aerobic (1.2} and anaerobic
(3) condinions at 20°C (sclvent 1s CClg). 4.5 fluor-
escence spectra of the solutions before {4) and after (5)
protoporphyrin oxidation by oxygen. Photoxidation was.
carried out by prolonged (30—-60 min) ilumination of air

saturated sclutions with red heght = 10 J x m~ % x s~ ',

Krasnovsky AA. Biofizika, 1976, V. 21, No 4, p. 748-749;
Izv. AN SSSR, ser. Phys., 42, 343-348, 1978.

Photochem. Photobiol. 29, 29-37, 1979




¢ph - ¢Apr - ¢ATA/Tr

7. =17,/p,=422sinCCl,

(Compare 7, ~ 4000 s in the gas phase in the Earth atmosphere!)

Table }

Values of 7, and p, in different solvents

Solvent vo (m1) p, (arb. v, (arb.

units)  wAaNty)

this work 8} literature

CCl 26000 26000 [6,7) 1 1

chloroform 210 250 [6,7) 17110 05-1.06

acetone 50 5116.7 17600 1.1S8

L,.rhwr.n

el
faoee L 500

Krasnovsky, Chem. Phys. Lett, 81, No 3, p. 443-445,1981
Krasnovsky, Dokl.AN SSSR, 257, No 6, p. 1360-1362, 1981



Pulse laser or LED Steady-state laser
or LED
|
i
\
1
synchronizing  |Y Sample
impulse i
|
i ———  Lightfilters ———
1
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1 Cooled photomultiplier Cooled photomultiplier
2 .
I '
: !
|| ' Digital microvoltmeter
i
Computer multichannel photon counter ‘
Computer

New laser (LED) spectrometers for phosphorescence detection

Krasnovsky, Benditkis, Kozlov. Biochemistry Moscow, 84, 240-251, 2019
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Fig. 4. Decays of 'O, phosphorescence in phenalenone (35 uM) solutions in CCl, after irradiation by 10 ps pulses of LED (405 nm) in the
presence of air (a) and after saturation with oxygen (b). The curves were obtained at a pulse repetition rate of 5 Hz as a result of 30-min signal
accumulation; duration of one channel, 164 ps; average excitation power, 15 uW. Insets: decay curves in the semi-log scale.

10, + 30,— 2x30,+heat (k,=2600 M*c?)

Krasnovsky, Benditkis, Kozlov. Biochemistry Moscow, 84, 240-251, 2019



Photosensitized luminescence of singlet oxygen dimols and
luminescence properties of the photosensitizer DBPQ

Absorbance 703  Dye phosphorescence
‘ Dye fluorescence
0 /
H
:
Dimol
g \, luminescence
B \
: \ N
< ' 634
:Al
[
[}
V l' \\
/ 1 N
'f
4o 500 600 nm

Krasnovsky, Neverov. Chem. Phys. Lett, 1990, V. 167, 591-597.
Maallem et. al. Dokl. AN SSSR (Physical Chemistry), 1990, V. 313, No 4, p. 893-897.



Photosensitized luminescence of singlet oxygen dimols in phenalenone
(PH) solutions in carbon tetrachloride
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Krasnovsky, Neverov. Biofizika, 55, 389, 2010 Chow et al. JACS 1996, 118, 3031-3032
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The quantum yield reaches 40%
under pulsed laser excitation

T
L

Time, ps Time, us

Decays of photosensitized phosphorescence of singlet oxygen at 1270 nm (1)
and photosensitized delayed fluorescence of Pc (2) after 532-nm laser shots in

CgDgand CH,Cl,. Photosensitizer was fullerene Cy(10 pM); [Pc] = 0.4 uM.

Krasnovsky, Foote. J. Am. Chem. 5oc. 115, 6013, 1993



Dye + hv — Dye* — 3Dye + O, - 10,
10, + Dye — (10,..Dye) + 10,

3

1(Dye...(0;),)*
4 \
Dye* 1(0,),

Krasnovsky, Neverov. Chem. Phys. Lett., 1990, 167, 591
Krasnovsky, Neverov, Biophysics, 2010, 55, 349

Krasnovsky, J. Photochem. Photobiol. A: 2008, 196, 210
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