Predicting the NMR spectra of
paramagnetic molecules by DFT.
From organic free radicals to spin
crossover
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NMR spectra of paramagnetic molecules

Typical range of 1H
Broad lines shifts in diamagnetic
"Unpredictable” shifts molecules
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TEMPO in benzene-dg 45 ° C
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NMR spectra of paramagnetic molecules

Even when a spectrum can
be obtained, there are

serious assignment
problems - often based

just on relative intensities

[Nillpyg]2*

Ni

Ho

20

2+




Understanding the NMR spectra of paramagnetic
molecules

Two major approaches:

1.Determine the relevant parameters empirically from
experimental data (Bertini & Firenze school)

2.Compute the relevant parameters from first
principles

Relevant parameters:

g factor
Hyperfine couplings A
Magnetic susceptibility y



Modeling the NMR spectra of paramagnetics

0 = 8orb @ 8PC 6FC == 8orb

Fermi contact term:
approximate expression

dependsong, A, S Pseudocontact term:

dep. on anisotropy of y

(negligible w.r.t 5. in
5Fc — 2—7Z-g,LlBA S(S k) 1) organ_ic_: radicals all:fd most
/Z 3T transition metal

complexes)

1 220 —x*—y x’ -y’ 2xy 2xz 2yz
5PC_ |:(ZZZ_Z) +( xx_Zyy) . +ny 7"2 +sz +Zyz 1"2

4m? 2r° 72
o :ﬂoﬂ;g;kw Spectra in solution (only isotropic terms)
3kT ZFS neglected
Only contact term is calculated by DFT:
requires g, S, A

Hrobarik, Reviakine, Arbuznikov, Malkina, Malkin, Kohler, Kaupp, J. Chem. Phys. 2007, 126, 024107
Rastrelli, Bagno, Chem. Eur. J. 2009, 15, 7990



Modeling line widths: Solomon-Bloembergen

equations
R, =1/T, = R,9P + R,FC

All dep. on electronic T

Dipolar term:

dep.onr, g, S dep.on A, S
pap _ | (uo )2 /8 M S(S+D)
’ 15\ 4r y°
l47. + J(0, —og,7,)+3J(0,,7,)+6J (0, + 0g,7,)+ 6J(0g,7,)]
FC 4r* 2
R :TS(SH)A [z +J(wy,7)]

Geometrical (r) and electronic (g, S, A) parameters can be
predicted by DFT

Useful for qualitative predictions (relative line widths)

Rastrelli, Bagno, Chem. Eur. J. 2009, 15, 7990
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Predicting line widths: nitroxides, S =1/2

Ieooo Very slow el. relaxation

7000 Tg = 107 s
16000

= 15000

£

;:' 14000

1H: mostly dipolar

13000

2000
1000

25 3 35 4
r {(Angstrom)
g = 2 is assumed
2
IGOO
156 1500
- 1400 13
Z C: mostly contact
< 1300

1200

I100

Y

3 32 34 36 38
r {(Angstrom)



N

a

o
L

150 -

I('H) calc /ppm

jo)
o
L

-150 -50 50 150 250 350 450 550 650
3("H) exp /ppm

750

13C
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easily corrected
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TH Line width in Fefllly complexes. 3 =52, 1. =0.1ns, ©. =50 ps

g = 2 is assumed

Lire Wyidth (HZ)

10000~
s R
EIIIIIIIII-.:"'.-
4000 -

2000 -

Foao

gO00

a00o

4000

3000

2000

1000



Predicting Line Widths: Cu(II), S = 1

IGOOO

Slow el. relaxation
TS — 10-9 S
NMR is difficult
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Calculated "H shift (NR) / ppm

* NAMI
80 1 4 RucK(DMSO)2 1 H
A RuCI4(DMSO)(H20) °
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Predicting line widths: Ru(III), S=1/2

"H Line witdth in Rufllly complexes. 5= 1/2, 1. =5ps, t. =50 ps
10
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Very fast el. relaxation
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Conclusions

DFT calculations allow for prediction and assignment of

NMR spectra of paramagnetics, including spin-crossover
complexes and reactive intermediates

Lower accuracy than for diamagnetics (also of
experimental data)
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