Mera-rpaHT « MHOroyacToTHbIN 3N1EKTPOHHbIW NAapaMarHUTHbIN
pe3oHaHc (3MP) ana buoxumunueckux nccnegosaHnin» Pykosoguteno-
npod. Mankn boymaH

NABOPATOPUA MATHUTHOIO PESOHAHCA BMOMONEKYNAPHBLIX CUCTEM,
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HaumeHoBaHue npoeKTta: MHOro4acTtoTHbIN 3/1IEKTPOHHbIU
napamarHUTHbIU pe3oHaHc (IMP) ana 6uoxmmumuyeckmux
uccaeaoBaHuUm

dPepnepanbHOe rocyaapcTtBeHHOe broakeTHOeE yuperkaeHue Hayku Hosocubupckmnm
WHCTUTYT OpraHmn4yeckon xumumn nm. H.H. BopoxuoBa CnbmupcKkoro otaeneHms
PoccmicKOM akagemmm HayK

Llenb npoeKra: Llenbio npoeKta ABNAETCA Pa3BUTUE U NPUMEHEHME NepeaoBbIX
METO/,0B CMEKTPOCKOMMUUN INEKTPOHHOIO NapamarHMTHOro pesoHaHca (3MP) K
aKTya/ibHbIM 33Za4am B ob6nactn buoxmmmm n buomeamumnHel, UMerLL e
NPUHUUNNANBHYIO 3HAYMMOCTb AN PA3BUTUA METOA0B AMArHOCTUKM U pa3paboTKu
CTpaTerun fie4eHna psaa CoumanbHO BarKHbIX 3aboneBaHUM, TaKUX Kak 601e3HU
cepaevYHO-CoCyaAUCTOMN cncTembl, 6onesHb AnbLremmepa, OHKOIOTMYecKue
3abonesaHuAa u gp.

3apaua npoekTta: OCHOBHOM 3a4a4€N AAHHOTO NPOEKTa ABAAETCA CO34aHNeE
BbICOKOTEXHO/1I0TMYHOM IIP nabopaTtopmm MMPOBOro YPOBHSA, UMEIOLLEN B CBOEM
PACNoOPAXKEHNM CaMbIX COBPEMEHHbIN MPUOOPHBLIN NAPK C MAaKCUMANbHOM
GYHKLUMOHANbHOCTbIO, M YKOMMAEKTOBAHHOM BbICOKOKBANNPULNPOBAHHBIMWU KaZpaMu.


http://www.p220.ru/home/projects/item/1462-lbi

Paspabotka umnynbcHoro MNP cnektpomerpa (10rly, 34 rlu)
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MpumeHeH undppoBoi cuHTe3aTop curHana CBY-gmnanasoHa,
pabouunit guanasoH CBY/TouHocTb: 5.0 — 15.0 ITL, £ 1 My,
MpumeHeH TBepAoOTENbHBINA yCcuauTenb mowHoctu 350 Batr,

obecneunBaeT BbICOKYIO CTabUIbHOCTb MOLLHOCTU U ¢da3bl UMNYIbCOB.

Pa3BepTKa no nonto/TouHocTb: 50 — 6500 + 0.01 Ic
ONUTenbHOCTU UMNYNAbCOB: OT 12HC

LLlar ycTaHOBKM MMNyYNbCOB U 3aA4epXKeK: 2 HC

YacToTta noBTOopeHunit umnynbcos: ao 10 kly
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OUTLINE

o History of trityl radicals

¢ Synthesis: general concept, capabilities & limitations

e Trityls vs nitroxides: advantages and disadvantages

e Trityl properties — EPR and stability

e Trityl application in EPR tomography as OXYGEN sensors
o Trityls as spin labels for PELDOR/DEER

e Trityl- nitroxide biradical — polarizing agents for DNP

e Trityl- 19F for ENDOR distance measurements



HMOE)@ Triarylmethyl radicals (TAM, trityls): what they are ?

AN INSTANCE OF TRIVALENT CARBON: TRIPHENYL~-
METHYL.

Sy M. CoMarzc

Recaived Dctolar 4, 5o,
[PRELININARY PAPER.]

OME time ago' I published a method of preparing tetra-
phenyimethane, The yield was rather small and I was
obliged to study the solubilitics, composition, molecular weight,
and the nitro derivative on about ©.5 gram of the hydrocarbon.
The stereochemical interest attached to this compound has
induced me to take up the subject once more, in the hope of
obtaining jarger vields, [have, therefore, gone over most of the
methods which have been tried by others for the preparation of
tetraphenylmethane, My results, while differing in detail from
those published by others, agree in the main,—the hydrocar-
bon conld not be obtained by the usual reactions. One of the
main proofs advanced by me for the constitution of tetrapbenyl-
methane was that it furnished a tetranitro derivative which gave
no colored salts with alcoholic potash, while most of the less The University of Michigan - Ann Arbor, (1900-1905)
phenylated methanes do respond to thistest. Toprove whether
I Hemilinn | Ber. 4. chemt. Ger, 7, 1307,

2 Bev.d chem. Ger.. 30, 2043 ; This Journal, 30, 775 Moses Gomberg (Mowuceii FTombepr)
24-22 the FOUNDER of RADICAL CHEMISTRY

Elisavetgrad (1866) — Ann Arbor (1947)

. . e p
at 927 .

vV, TERIPFITEXNYLMETIIVL, °
(CH,),=C.

experimental evidence presented zhove forces




Triarylmethyl radicals (TAM, trityls): what they are ?
C D O
Q) QA

Ag Zn, Cu
(tri phenylmethyl) radical

O Peroxide
Gy O

&

Chiral propeller: J. Sciebura et al, Angew.
. Chem. Int. Ed., 2009, 48, 7069




Sterically hindered tris-(tetrathiaryl)methyls — a new generation of trityls 3

(NYCOMED INNOVATIONS, 1990-1998)

o B e o

HO O
Tris(8-carboxy-2,2,6,6-tetramethylbenzo
[1,2-d;4,5-d’] bis[1,3]dithiol-4-yl)methyl
Finland trityl A
inland trity S)vX X+s R,

S
OH HO R3 0
{3_ 3 {T —c> )SI;KQ S

07 ~OH
0X 031

The key objective of studies:

HO OH
§_/~0H HO
o s S OH
S S
HO 0

S S
S > S
HO ¢ OH
OH HO
HO OH
S S
S S
HO OH
0“ OH

0X 063
HOH,C CH,OH
O  S-\-CH,OH HOH,C—~s  OH
s s
HO o
S S
HOHZC_\CS N S+CH20H
CH,OH e HOH,C
HOH,C S S. CH,OH
HOH,C S S CH,OH
0 OH
0X 021

new efficient agents for Overhauser-enhanced MRI



HMOX@ 6
Trityl radicals: lipophilicity/hydrophilicity, and stability in blood

chxs c ¥
S X
K IO X
X S S X
(0] OH
logP logP

Side substituent Trityl t,, (blood, mice)

(pH=2.0) (pH=7.0)

CH, Finland > 95 -2.43 >1.5h
CH,CH,OH 0X063 -1.84 <-5.2 >1.5h
CHonzoCHchon OX031 '2.62 < '4.8 30 m|n

CH,OH OX021 -1.65 -3.40 <5 min



@) Stability and toxicity of trityls
Solid state Water solution, pH 7.0
Destruction in the o o
Trityl presence of air at Destruction in the Destruction in the
RT after storage for presence of air at 0°C absence of air at 0°C
1year after 2 months after 1 year
Finland 0-1% <1% <1%
0X063 0-1% 2.5% <1%

Toxicity
LDg

0.24-0.48 g/kg
11.8 g/kg



O
Trityl radicals vs Nitroxide radicals:

spectroscopy, physical and chemical features

Nitroxides

¢ EPR signal: a rather broad EPR triplet

¢ EPR resolution: relatively low

¢ Sensitivity in registering oxygen: relatively low
e Stability in biological media: easily reduced, but
stability permits to be altered, and thus may be
notably increased

e Main uses: measurements of redox status and
pH, ROS probes, spin traps, SDSL techniques,
antioxidants, Nitroxide-Mediated radical

Polymerization (NMP)

Trityls

¢ EPR signal: narrow, sharp

¢ EPR resolution: high, LW < 100 mG

e Sensitivity in registering oxygen: high

e Stability in biological media : stable for hours or
longer

e Main uses: EPR, EPR oximetry, Overhauser-
enhanced MRI, spin labels, materials for EPR

microscopy
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Trityl synthesis: general concept

Carboxylation / Alkoxycarbonylation

"Trimerization"
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Synthesis of Finland TAM

c-OH c-OH
S

X, b y s s
o - X VN~ XTI

S S CO,H

3
3 4 5 6

(a) auetoH, BF;, D-10-kamdopcynbdoHosas kucnota, CHCI;, 93%;

(b) 2.5 M pactBop H-BulLi (1.1 3KB) B H-rekcaHe, AN3TUNOBbIN 3dunp, AnaTunKapboHaT (0.32 aKB), 72%;

(c) 2.5 M H-Buli B H-rekcaHe (10 skB), H-rekcaH/TMEDA, CO, (18), 67%;

(d) 2.5 M H-BulLi B H-rekcaHe (10 3kB), H-rekcaH/TMEDA, anatnunkap6boHat (40 akB), 32%;

(e) CF;SO;H (15 akB) B guxnopmertaHe, SnCl, (1 equiv), ruaponns sogHbim pactsopom KOH (10 aks),
HCI, 92 %;

(f) TFA; (g) SnCl, (0.5 equiv.), 96 %

S. Andersson, F. Radner, A. Rydbeck, R. Servin, L.-G. Wistrand. U.S. Patent 5530140, 1996.
Yu. Rogozhnikova, V.G. Vasiliev, T.I. Troitskaya, D.V. Trukhin, T.V. Mikhalina, H.J. Halpern, V.M. Tormyshev, Eur. J. Org. Chem., 2013, 2013, 3447.




Synthesis of OX063

OH OH
1o Y 0— -0 3 0— —0 3 o
BuS S'Bu s s s s s s
X, -~ o -
S S S S S
‘Bu t S —_!
S'Bu L J v o—— Lo Y oO—— b CO,R o

(a) (R = H), mypaBbuHasa kucnota, 32 4, 40 °C; pactsop CF,SO;H (5 akB) B
anxnopmetaHe; SnCl, (1 aks); BoaHbI pacteop KOH (5 aks), HCl, 92 %




SIGHAL HEIGHT

Typical persistent narrow-line triarylmethyls (TAMs) with numerous 4
applications in spectroscopy, biology and material science

200uM Novosiblirsk OX063-624

RF Pur bs 2648 ot resoomt | )
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Trityl application in EPR tomography as OXYGEN sensors

600
10
.-.
500 1 _ Finland
§ e >
@ @
S 200 - S 6
o ...',.0 = 0X 063
100 ¢~ §
5 4 —
0 T T T T T D:
0 20 40 80 80 100 T
Oxygen {%) 5
The dependency of the EPR line-width Finland TAM on the
fraction of oxygen in gas phase. 7] |
0 l
I. Dhimitruka et al. Bioorg. Med. Chem. Lett., 17, 2007, 6801-6805 0 500 1000 0 500 1000

BSA (microM)

17

Relative EPR signal intensity of TAM radicals (20 uM) in PBS (20 mM, pH 7.4) in
the presence of bovine serum albumin (0, 500 and 1000 uM).

Y. Qu et al. Chem. Eur. J., 25, 2019, 7888

H. Chen,A.G.Maryasov,0.Y.Rogozhnikova, D. V. Trukhin, V. M.
Tormyshev,M.K.Bowman,Phys.Chem.Chem.Phys.2016,18,24954.

Finland trityl and 0OX063: reversible broadening of linewidth & aggregation



Q

Quantitative PO, imaging with spin lattice relaxation EPR

A B[ : -
- unpaired electron ] S af
. g - y
3 2 e ——
. £ =
HD : HD Time (y:5) Time (ys)
HO U Cq J OH e G
% I
— /\ - /_/ L 1
s"l\ Z \$>'\ﬁ .
Po. average voxel value [Torr]
L CO: Na on "
HD " WD C EPR tumour image
Torr
OX063-d24

oxygen spin probe

spin probe injected through tail vein to
diffuse through tumour

|.Gertsenshteyn, M. Giurcanu,P. Vaupel and H.Halpern, J Physiol 599.6 (2021) pp 1759-1767



Biological validation of electron paramagnetic
resonance (EPR) image oxygen thresholds in tissue

B
Hypoxia avoidance
boost
Area without
the boost
Hypoxia area ‘ :
in this slice Hypoxia ot Hypoxia out
of this slice f thi
Tumour contour Tumour contour  Of this stice
} 1cm " 1cm

B. Epel et al. Int J Radiation Oncol Biol Phys, 103, 2019 pp. 977

O

Estimated survival probability

o o
- N

1 — Hypoxia boost
L e Hypoxia avoidance
0.8 boost
0.7
0.6}f
0.5}
0.4
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w
.
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a 20 40 o0 n
Time (Days)
The Journal of
Physiology

B. Epel, G. Redler, V. Tormyshev, H.J. Halpern Advances in Experimental Medicine and Biology, 876, 2016, pp 363
B. Epel, G. Redler, C. Pelizzari, V.M. Tormyshev, H.J. Halpern Advances in Experimental Medicine and Biology,

876, 2016, 185



Dual-function water-soluble phosphonate spin probes

Fin TAM

A.B. TpyxuH, O.1O. PocoxcHukosa, T.U. Tpouuykasa, C.C. OsyepeHKo, E.B. Amocos, B.M.
Topmobiwes KypHan opraHmndeckon xummum. 2020. T. 56. Ne 11. C. 1693-1699
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pH —sensitve water-soluble TAM-phosphonate
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Multiparametric OMRI: spin probe concentration, pO,, pH and Pi

imaging of mouse tumor
phosphonated trityl probe
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AL, Gorodetskii, T.0. Eubank, B. Driesschaert, M. Poncelet, E. Ellis, VX, Khramtsow, &.A. Bobko Sclentific Reports, 2019, V. 9 (1), Art.number 12093




Biological Applications of Electron Paramagnetic Resonance
Viscometry Using a 13C-Labeled Trityl Spin Probe
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Poncelet, M.; Driesschaert, B. A Angew. Chem. Int. Ed. Engl. 2020, 59, 16451-16454.
M.Velayutham, M.Poncelet, T.D. Eubank, B.Driesschaert, Valery V. Khramtsov, Molecules 2021, 26, 2781



Variety of Trityls synthesized in NIOCH SB RAS

D;C cD, CD,
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Phase memory time depending on: s O Ho—® F 2 s

e solvent viscosity V}(S \Q:QH oo gﬁa
e magnetic field { . ﬂ ;f $%0  N\ou O
e deuteration of radical/solvent o s)qﬁ ’ Sﬁgﬁ

e structure of radical > DBT o o OX63D

A.A. Kuzhelev, D.V. Trukhin, O.A. Krumkacheva, R.K. Strizhakov, O.Yu. Rogozhnikova, T.l. Troitskaya, M.V. Fedin, V.M.
Tormyshev, E. G. Bagryanskaya J. Phys. Chem. B, 2015, 119 (43), pp 13630-13640




[ ] 31
T, (us) and T, (ps) in H,0, D,0 and methanol at 300 K
at X- and Q-bands
OH ¢p,
o} S+cp,
0.0 s Dg,c;ch3
s S, TAM Solvent X-band Q-band
/ oH T T T, T
D;C s s_S

DyCY s DCCDs MeOH 9.2 15.6 3.8 15.6
ol S5p." FTD,, H,0 10.8 17.1 4.5 16.2
© D,0 13.6 17.7 4.5 17.0
oH MeOH 6.3 16.0 2.0 15.3
0 Si‘ = FTH;, |H,0 9.2 15.0 4.6 14.4
\?S Sys D,0 10.4 18.0 4.0 16.8
,C_@_QO MeOH 5.8 16.5 1.8 15.6
s s 0X 063D,, |H,0 7.3 16.0 2.2 15.3
s N D,0 7.6 16.1 2.0 16.1

Hod SV

(0]
Dizr("” . o Phase memory time depending on:
§ 3%t oA Y e solvent viscosity
N S o e magnetic field
HOD;)?D : 8 DDOH e deuteration of radical/solvent
o " e structure of radical
?{S S>§:i A.A. Kuzhelev, D.V. Trukhin, O.A. Krumkacheva, R.K. Strizhakov, O.Yu. Rogozhnikova,
v’ o S SD S Yon T.l. Troitskaya, M.V. Fedin, V.M. Tormyshev, E. G. Bagryanskaya J. Phys. Chem. B,
0P o 2015, 119 (43), pp 13630-13640




Trityls as spin labels for PELDOR/DEER



Pulse Dipole EPR Spectroscopy
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Benchmark test and guidelines for DEER/PELDOR experiments on
nitroxide-labeled biomolecules
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O. Schieman, C.A. Heubach, D. Abdullin, K. Ackermann, M. Azarkh, E.G. Bagryanskaya, Malte Drescher, Burkhard
Endeward, Jack H. Freed, Laura Galazzo, Daniella Goldfarb, Tobias Hett, Laura Esteban Hofer, Luis Fabregas
Ibanez, Eric J. Hustedt, Svetlana Kucher, llya Kuprov, Janet Eleanor Lovett, Andreas Meyer, Sharon Ruthstein,
Sunil Saxena, Stefan Stoll, Christiane R. Timmel, Marilena Di Valentin, Hassane S. Mchaourab, Thomas F. Prisner,
Bela Ernest Bode, Enrica Bordignon, Marina Bennati, and Gunnar Jeschke.

JACS, 2021, 143, 43, 17875-17890



Physiological-Temperature Distance Measurement in Nucleic Acid 35
using Triarylmethyl-Based Spin Labels and Pulsed Dipolar EPR
Spectroscopy

i Fm(ﬂ;CGCCGCTG _
TAM s esessssse g U6 DOC 310K

GTGCGGCGACW M % 4]

55 ED 465 4T 4TS
Miagretic ield § mT

DEER 80 K

(.6 1

Echo signal

b4 -

0 | 2 3 1
Time delay / s

—D0C 30K
===[DEER 80K

===DOLB0K

P
=h
=N

|
Distance / nm

Shevelev GY., Krumkacheva O.A., Lomzov A.A., Kuzhelev ALA., Bagryanskaya E.G. // J. Am. Chem. Soc. -
2014 -V, 136.— Ne 28— P. S874-9877.



.mo?@ DNA complexes with human apurinic/apyrimidinic endonuclease 1: 36
structural insights revealed by pulsed dipolar EPR with orthogonal
spin labeling

TAM-CTCTCFCCTTCG
GAGAGCGGAAGC-TAM

A number of endogenous and exogenous

damaging factors continuously affect DNA, TAM-CTCTCFCCTTCG + APEIN212A
leading to a variety of DNA lesions, the most GAGAGCGGAAGC-TAM

common of which are apurinic/apyrimidinic

. . . TAM-CTCTCGCCTTCG

sites (abasic or AP sites). GAGAGCGGAAGC + SL-APEIN212A
In vivo, AP sites are thought to be repaired via

the DNA base excision repair pathway (BER). In TAM-CTCTCFCCTTCG

humans, BER initially involves GAGAGCGGAAGC +SL-APEINZIIR

apurinic/apyrimidinic endonuclease 1 (APE1).

We applied PD ESR spectroscopy in combination
with  molecular dynamics simulations to
investigate in-depth conformational changes in
DNA containing an AP site and in a complex of CTCTCFCCTTCG + SL-APEIN212A
this DNA with AP endonuclease 1 (APE1). GAGAGCGGAAGC-TAM

GAGAGCGGAAGC-TAM

For this purpose TAM-based spin labels were
attached to the 5’-ends of an oligonucleotide
duplex, and nitroxide spin labels were
introduced into APE1.

CTCTCGCCTTCG  +SL-APEIN212A “o

TAM QO NR @ APEIN212A ‘

O.A. Krumkacheva, G.Yu. Shevelev, A.A. Lomzov, N.S. Dyrkheeva, A.A. Kuzhelev, V.V. Koval, V.M. Tormyshev, Yu.F.
Polienko, M.V. Fedin, D.V. Pyshnyi, O.l. Lavrik, E.G. Bagryanskaya, Nucleic Acids Research, 2019, 47(15)7767-7780




DNA complexes with human apurinic/apyrimidinic endonuclease 1: structural
insights revealed by pulsed dipolar EPR with orthogonal spin labeling

Momalized ESE mensit

0.A. Krumkacheva, G.Yu. Sheveley, A A. Lomzov, N.5. Dyrkheeva, A A. Kuzheley, VWV Koval, V.M. Tormyshev, Yu.F.
Polienko, M.\ Fedin, D.V. Pyshnyi, O.1. Lavrik, E.G. Bagryonskaya, MNucleic Acids Research, 2019, 47(15)7767-7780



Methanethiosulfonate Derivative of OX063 Trityl: A Promising and
Efficient Reagent for Side-Directed Spin Labeling of Proteins
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The very hydrophilic spin labels based on OX063 with very-low toxicity and
little tendency for aggregation was developed.

New spin labels have the longest electron spin relaxation time among any
TAM-based spin labels.

R = CD,CH,0OH

Tormyshev, V.M.; Chubarov, A.S.; Krumkacheva, O.A.; Trukhin, D. V; Rogozhnikova, O.Y.; Spitsyna, A.S.; Kuzhelev,
A.A.; Koval, V. V; Fedin, M. V; Godovikova, T.S.; M. Bowman, Bagryanskaya E. G. Chem. — A Eur. J. 2020, 26,

2705-2712.



Distance measurements on outer membrane proteins (OMPs)
of Gram-negative bacteria in isolated outer membranes and
intact cells

Cobalamin transporter BtuB HO
Colabamin B12

A Kugele, 5. Ketter, B. Silkenath, V. Wittmann, B. Joseph, M. Drescher, Chem Commun ({Camb) 2021, 57, 12980.
B. loseph, A. Sikora, E. Bordignon, G. leschke, D. 5. Cafiso, T. F. Prisner, Angew Chem Int Ed Engl 2015, 54, 6196.



Selective Detection of Protein-Ligand Interaction in Native
Membranes Using Trityl - Nitroxide Distance Measurement
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The selective and sensitive detection of protein-protein or protein-ligand interactions in
the complex native membranes.

Temperature measurements - 150 K

B. Joseph, V. M. Tormysheyv, O. Y. Rogozhnikova, D. Akhmetzyanoyv, E. G. Bagryanskaya, T. F. Prisner, Angewandte
Chemie International Edition 2016, 55, 11538.




In Situ Labeling and Distance Measurements of Membrane
Proteins in E.coli Using Finland and OX063 Trityl Labels
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Comparison of different spin labels stability
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The MAG1 and M-0X063 labels exhibited superior stability in both E. coli suspension
and 5 mM ascorbate solution



In Situ Labeling and Distance Measurements of Membrane
Proteins in E. coli Using Finland and OX063 Trityl Labels
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Benesh Joseph, Sophie Ketter, Aathira Gopinath, Olga Rogozhnikova, Dmitrii Trukhin, Victor M. Tormyshev,
Elena Bagryanskaya, Chemistry - A European Journal, 2021, 20 N7 2299-2304



Phase memory time (T};) and stretch factor k determined from fitting the
2-pulse decay curves in E. coli cells and native outer membranes
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Comparison of PELDOR data for nitroxides and M-0OX063
labels attached to BtuB T188C in whole E. coli cells.
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Absorbance

TAM stability against photoirradiation (308 nm)
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TAM stability against photoirradiation (308 nm)
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Main product of photolysis — quinone

Quantum yield for Finland TAM <<0.1

Solvent Concentration / mM Quantum yield
/%
Ethanol 0.1 2.2
Acetonitrile 0.1 3.1
Benzene 0.1 4.4
Chloroform 0.1 7.9
Chloroform (0.01 7.3
Chloroform (0.0013 6.8

A.A. Kuzhelev, V.M. Tormyshev, V.F. Plyusnin, O.Yu. Rogozhnikova, M.V. Edeleva, S.L. Veber, E.G. Bagryanskaya
Phys. Chem. Chem. Phys., 2020, V. 22, N 3, Pp 1019-1026
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A Triarylmethyl Spin Label for Long-Range Distance Measurement at
Physiological Temperatures Using T, Relaxation Enhancement
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Representative relaxation enhancement data. The
saturation recovery traces obtained for the 23L/131TAM1
sample in the absence (black) and presence (red) of Cu?*at
a microwave observe power of 50 uW

C. 135L/76 TAM1

Z. Yang, M.D. Bridges, C.J. Lopez, O.Yu. Rogozhnikova, D.V. Trukhin, E.K. Brooks, V. Tormyshev,
H.J. Halpern, W.L. Hubbell, Journal of Magnetic Resonance, 269, 2016, 50-54
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(A)

(B)

Dynamic Nuclear Polarization for Sensitivity Enhancement in
Biomolecular Solid-State NMR

Thomas Biedenbander, Victoria Aladin, Siavash Saeidpour, and Bjorn Corzilius Chem. Rev. 2022, 122, 9738-9794
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HAOX ° ° e e
O Biradicals as polarizing agents for DNP
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TAM-Nitroxide biradicals for direct excitation
high field Dynamic Nuclear Polarization
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-9 Biradicals TAM-nitroxides — polarizing agents for
G dynamic nuclear polarizatimp
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The dominant effect is the cross effect.
The maximum DNP is observed for a flexible linker and interradical distances of ~14 A.
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EPR study of highly stable biradicals perspective for DNP in cell
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Trityl-Nitroxide Highly Stable Biradicals for DNP in Cells
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Electron Nuclear DOuble Resonance
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Application of W-band °F ENDOR spectroscopy for
distance measurements (0.5-1 nm)
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Application of W-band °F electron nuclear double resonance

(ENDOR) spectroscopy to distance measurement using a trityl
spin probe and a fluorine
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