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Magnetic properties of nuclei

Spinning proton creates @ Nuclel characteristics:

magnetic field . M= mass:

« I-charger;

P - angular momentum (angular
momentum);

* M- magnetic moment;

« X — gyromagnetic ratio;

* | -spin quantum number, determines
the number of allowed orientations of
the u nucleus in a constant magnetic
field;

« h-Planck constant 6.626-10734 kg*m?/s.

P=TIh/2n
u = YP = YIh/2~n

This work is funded by Russian Science Foundation (grant N223-23-00343).



Nuclear magnetic resonance. Zeeman effect

I=1/2 Antiparallel
| - spin quantum number,
(moment of momentum or : ‘ ‘ ‘ ‘ l m;= -1/2

u = YP = YIh/2x ‘ ‘.\‘.\ # #* ’*?Q m;= -1/2
M — magnetic moment; ‘.— \.\ * T ‘
oo, I @ @ o
rotational momentum) p;raulel

AE = 2uB, = hv

This work is funded by Russian Science Foundation (grant N223-23-00343).



Nuclear magnetic resonance

L
AE = 2uB, = hv
hv Emission spectrum
M, = -1/2 , N
Relaxation
B, >
> Seconds or
M =+1/2 fractions of second v
| - spin quantum number, Equilibrium population of energy levels
X — gyromagnetic ratio Boltzmmann equation

u=YP = YIh/2=n N1/N2 = exp(-AE/KT) = exp(-YhBy/2nKT)

This work is funded by Russian Science Foundation (grant N223-23-00343).
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Pulse or Fourier-Transform NMR (FT-NMR)

A strong magnetic field is a must! "

(provided by a superconducting J ENy O ——
mngeT) L o /Liquid nitrogen tank
//’/Liquid helium tank
Short high-power RF pulse: N //N///Bme
2
~50 watt, T =10-50 ps 1 |
with a frequency close to v, He He Field Coil

4

According to the uncertainty

principle, a radio frequency field is | pa=
generated over a wide range: (
Voil/T

This work is funded by Russian Science Foundation (grant N223-23-00343).



Pulse or Fourier-Transform NMR (FT-NMR)

Free induction decay — interferogram —
superposition of damped harmonic oscillations

Fourier
Transform

2.0 1.5 1.0 0.5

0.0

NMR spectrum

..................................

This work is funded by Russian Science Foundation (grant N223-23-00343).




Spectrum parameters of NMR

The chemical shift provides information @

about the chemical environment of the nucleus. T

The intensity is directly proportional to the %_Of’

number of absorbing nuclei.

The muh‘iplici'ry or coupling depends on {

spin-spin interactions within the molecule.

S IH NMR (CDCl,) § :

1.19 (9H, s, 3CH,),
3.21 (3H, s, O-CH,)

| A

3.00 9.09
-

4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0

This work is funded by Russian Science Foundation (grant N223-23-00343).



Conventional organic electrolytes
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Nuclei that can be studied by NMR

Spin quantum number = %

Natural abundance ~100%

Spin guantum number = %

Natural abundance <<100%

Spin quantum number > -

This work is funded by Russian Science Foundation (grant N223-23-00343).
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Thermal stability of electrolytes

EC

DMC

Pristine electrolyte
1M Li PF, EC/DMC/DEC

DEC

DEC ]\
J l A

4 3 2

EC * = features from decomposition products
1 week at 85°
_— eek at 85 °C
*

* DEC oy
= » *

1 !

6 5 4 5(1H) 3 2

This work is funded by Russian Science Foundation (grant N223-23-00343).
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Quantification of electrolyte degradation
Polytetrafluoroethylene (PTFE) NMR tube

OPF,OH HF
0 | —a— P30, PTFE 120 -=— LP30, PTFE
9%} e LP30 + H,0, PTFE | -  LP30 + H,0, PTFE
4 LP30, glass 110 T’; 4 LP30, glass
30 3 . <2
Internal standards ¢ | ~ .., )
E < =100 -
£ ] = | ] S
F g 20__ E 90 - 3 [
G © [ *
CF,Cl g | B =]
G 104 A___TT ,. =
] A 10 -
F 54 /,_h- b e ===
- — —_:
F F 0 E;'. -~ S i e
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t/ days t/ days
F F . .
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F

Samples were stored at 60°C

This work is funded by Russian Science Foundation (grant N223-23-00343). 1 1



Proposed reaction schemes for PF,-
degradation

PFs
HOR o ( c(H,0) initially high ) o (c(H,0) consistently low)
RF + HF J'L Li* + PFG- ————— PF5 + LiF
o EtO”, “OEt i
EtF [ > ; N T
Fief~p (’:4:1 PN T >0
EtF Y e \J
OPF(OH), <122 OPF,OHI) |22 | opF,
o o 0 - HF - HF
F % || )_L ] (.7
| YF 1P
OFt F Fer ~07 ToEt lg o
P =0
0 K FKJF 1 /< D?C ™
N ' T “~ FuPe o | OPFOMeOH OPF(OMe); [==5-—1ir| OPF,OMe
Fle ~ F"'.P"‘-\-.. PE F OEt 5
FrooF * "OEt FFs O+.0
HF
After studying in glass tubes After studying in polytetrafluoroethylene tubes
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Cathode stability

680 Oooo
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Spectral broadening caused by TM dissolution

Pristine electrolyte

Degraded electrolytes

CD.CN
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omm [2)_] | "F (a)
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DOSY Diffusion-Ordered Spectroscopy

Stoke-Einstein Equation

L L
e @
| D = ka Unit = m?/sec
* .
s ® ® . 67T77r'h
L

¢ e o D — Diffusion coefficient

. k, — Boltzmann constant (1.380649x10723 J.K™1)
* . T — Temperature
. ® :. s ® 1 — Viscosity

e & e s r, — Hydrodynamic radius

Root mean square displacement

S = V6DT

This work is funded by Russian Science Foundation (grant N223-23-00343).



DOSY Diffusion-Ordered Spectroscopy

RF — )

>

Spin echo + pulsed fiends gradient

90° ) 180° ] FT N I
RF n“ > = > JL ,
Bt S 1) = TOexpl-(y g3 DA - 2]
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Schematic principle of DOSY NMR
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specific capacity (mAh/g)

TIon mobility and battery performance

»

’Li DOSY NMR spectra

N F3C=H_H / \ / .
e O, AN /7 of different electrolytes
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Ion transport number
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TIon mobility and battery performance
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Internally referenced DOSY-NMR

—

EC:ENMC:DMC = 1:1:1 (Tol) g
=
& 2 DOSY experiments with toluene as an internal reference
.J ] . Y 1) Solvents without LiPF,
1 Tol R | | = 2) Solvents + LiPF,
D]’roI' D2’roI' DLi' D]EMC' DQEMC
8 6 4 2 F2 [ppm]
g Stoke-Einstein equation
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‘ | . D = kT
h | | 6mnry,

<
o
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Internally referenced DOSY-NMR

Divulging the solution structure of lithium-ion battery electrolytes

StOke- ElﬂSTelﬂ CQUOTIOH Dobserved emc = @*Deoordinated-emc™ (1= @) Diree-emc
D ka DCoordino’red EMC = DLi+
67T77f'h a — the ratio of coordinated EMC
KT, KT,
émn,r T
=2l = i = L Deree-emc = I Digme = = Diemc
Doy KT, Tn, KT, Tom
bmn,r 671, 1

This work is funded by Russian Science Foundation (grant N223-23-00343).

22



The solution structure of electrolytes

New method = Old method
1 LW e eme s 0
LiPF EC:EMC:DMC = 1:3:3:3 (Tol) =, —— LIPF - EMC 1:12
: —EMC
s [Free EMC~ Coordinated
‘ ﬂ 3 EMC
o 2
o 3
e — - H _.l‘.. 4} E J\/\

8 6 4 2 F2 |ppm] 1850 1800 1750 1700 1650 1600
Wavenumber/ cm”

electrolyte coordination ratio @”| coordination number of Li"“ |coordination ratio @ by FTIR
LiPFg;:EMC 1:12 0.45 = 0.01 54 £ 01 0.46
LiPF;:EMC 1:8 0.56 + 0.01 4.5 = 0.1 0.57
LiPF;:EMC 1:4 0.74 + 0.02 3.0 + 0.1 0.72
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Solva‘rmg power' of solvents
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Solvent characterization
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Our advances in electrolyte design

OO0 cr,
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