Electron paramagnetic resonance spectroscopy in catalysis

What we shall learn

® applicability of NMR, EPR, and paramagnetic NMR spectroscopy *
i
|

® how EPR spectroscopy differs from NMR spectroscopy

I
® information accessible from EPR spectra j I

® scope and limitations of operando EPR

® scope and limitations of hyperfine spectroscopy I

[}
o
o
w
3
=\
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EPR + DFT approach to spatial and electronic structure of active sites

220 240 260 280 300 320 340
® use of isotope labelling in detecting reactions B, [mT]

Instead of a lecture script

® EPR entry in Ullmann’s Encyclopedia of Industrial Chemistry, DOI: 10.1002/14356007.q09 01
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NMR or EPR?

Closed-shell systems

® closed-shell molecules have only paired electrons
® they are diamagnetic

® EPR spectroscopy is not applicable and conventional NMR spectroscopy works

Open-shell systems

open-shell molecules have at least one unpaired electron

they are paramagnetic

EPR spectroscopy is applicable unless the electron spin relaxes very fast

® paramagnetic NMR spectroscopy is applicable if the electron spin relaxes very fast

typically, open-shell systems are more reactive

Cu(l) electron configuration [Ar]3d™
4s 3d

te[te[te[tefty

Cu(ll) electron configuration [Ar]3d°
4s 3d

teltelteltift

Ni(ll) electron configuration [Ar}4s°3d®
4s 3d

P [He[teteft |t

(high spin, Hund’s rule)
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How do unpaired electrons originate?
(although chemical bonding involves electron pairing)

[ Strongly reactive systems ) [ Weakly reactive systems )

Homolytic bond scission

AE
A-B ——> Ae + Be free radicals
Electron transfer

AE
A+B— A" +B” radical cations & anions

Coupled electron-proton transfer

AE
AH+B — A’ +BH° free radicals

Orbital degeneracy

eO=Qe
2p =— =—
Xy

Triplettgrundzustand

Metal ions with odd number of electrons

Fe* —— e

A _4 _4
— i

g

: naaiunake sl
high spin low spin
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Where are the unpaired electrons?

The singly occupied molecular orbital (SOMO)

Ti(lll) polymerization catalyst
LUMO —_—

€

g ——— HOMO  ——— SOMO C .
4 — ™
A — p

® as a quantum object, an unpaired electron can be at several locations at once

e all these locations can be reactive “hot spots”
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How can unpaired electrons be observed?

Electron spin - electron angular momentum contribution of pure quantum mechanical origin

Classical physics: A homogeneous sphere with charge g and angular momentum J features magnetic dipole moment

Quantum physics: A correction factor g = 2 arises

e
u=-g5 HS

Stern-Gerlach experiment 1922

e the unpaired electron behaves as a tiny bar magnet
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Electron paramagnetic resonance

Electron spin S = 1/2 in a magnetic field features two eigenstates of different energy

mS = +1/21 |(X,>, T
/ e frequency v is in the microwave range (3-300 GHz)

Energy

e this corresponds to wave lengths between 10 cm and 1 mm
hv = gu,B,
e by variation of the magnetic field at constant frequency

we can find the resonance condition

Al

 ——
Magnetic field B,

e the tiny bar magnet can be flipped by microwave irradiation (oscillatory electromagnetic field)
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O 0 Some are invisible
Q Q Kramers and non-Kramers ions

Zero-field splitting can be very large

e one contribution from dipole-dipole coupling of magnetic moments of the unpaired electrons
e one contribution from spin-orbit coupling

e sum may exceed typically accessible microwave frequency range at accessible magnetic fields

Non-Kramers ions

e for an even number of unpaired electrons, in general symmetry all transition frequencies may exceed
the typically accessible microwave frequency range at zero field and at all accessible magnetic fields

e signals can be visible for systems with (nearly) axial symmetry

e convenient observation may require special microwave resonator geometry (”parallel mode EPR”)
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How does an EPR spectrometer look like?

e for pulsed EPR

g l e high power amplifiers

e very fast electronics (sub-
nanosecond resolution) for

: generating excitation waveforms
e superconducting magnet

required at high frequencies
(> 70 GHz)

Electromagnet
0-1.5T
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bias reference phase

arm
microwave ¢' ,49’

source .
1 circulator
e —( ) 3

coils

attenuator 2
resonator
magnet /
modulation } »

Continuous-wave EPR

m.w.
diode

Field modulation

PSD

modulation
generator

N

AB.

pp

e works at any electron spin relaxation time where the spectrum is resolved

e most sensitive technique for detecting EPR spectra of solids
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Interactions and the information inferred from them

Name

electron Zeeman

hyperfine

n nuclear Zeeman

n nuclear quadrupole

zero-field

exchange

dipole-dipole

Information

fingerprinting of radical type or metal coordination

distribution of the SOMO (reactivity)
distance of protons from the center of spin density

identification of nuclei that give rise to hfi

binding situation of the nucleus for /> 1/2
(chemical shift is not available)

fingerprinting of triplet type or metal coordination
spin state for metal ions (low or high spin)

orbital overlap (important for electron transfer)

distances in the nanometer range (15 - 100 A)
= structure
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Distinguishing high-spin from low-spin complexes

Weak ligand field CW EPR before adding the substrate EDA
— 1] —Mn*(n;MH)
4+ = ot
= e L HS 1 two high-spin Fe(lll) species
=S 0.6 | Hs2 HS 2 !
A A A @ 0.4 . SNy .
— T Eog )L V[V |
. . g 0 Y
S =5/2 (high spin Fe(lll)) S .02 F
0.4

100 200 300 400 500
B, (mT]

Strong ligand field

— Mb*(NMH) + "°C EDA
— Simulation

3 T
L 1.0 o/_
g — N
3 low-spin N N
& 05 m \ RN\
Ry Sl ] Fem) ==
T o — N
| LT ™
S=1/2 (low spin Fe(lll)) £ , , o/ N\
= 100 200 300 400 500
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Daniel Klose, Liam Grunwald, Serge Gambarelli, Victor Mougel

Fingerprinting and following oxidation state changes

?@ Fe—, -R
+ \ | FC l
® “[Fe~_r
I & P (_"‘@ FC
= Coulomb
— X interaction
|
g values 2.2 2 1.9
] T L
f\ 1
- I. _
I..-‘
S=1/2 6

300 330 360
Magnetic field (mT)

KCg
(2.2 eq.)

Ko[Feq 4(Dmp )4]

rest. state mimic [Fe4S4]%*

3

[FeCp,]PFg

> Ky[Feq 4(Dmp )4
FeP mimic [Fe,S4]°
4

1:1 redox comprop. ’

(1.1 eq.)

K[Feq 4(Dmp )4]
HiPIP mimic [Fe4S,]**
6
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KalFes 4(Dmp )4
4Fe-4S Fd mimic [Fe,Sq™
5

g-values
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30

40 50 60 70 80 90

Magnetic field (mT)

5 3 2 1.5 g-values
I I | [
S=32 9
&
data S=1/2
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Spatial and electronic structure: Measuring hyperfine interactions

HYSCORE

Example: Cu(ll) complex

Remote nuclei:
ENDOR & HYSCORE

Directly coordinated nuclei:
ED-NMR, ENDOR
(sometimes possible by EPR)

Transition metal ion:
EPR
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Large hyperfine interactions by CW EPR

*'p ligand hyperfine couplings in a Ni(l) complex

experiment
CY\P/CV ‘Bu simulation
*x
E _Ni—0 Bu
Cy P\C t
YR AC'P) AC'P) ﬁ

e as >'P has spin / = 1/2 (as protons have),
we expect a 1:2:1 hyperfine triplet

e in the solid state, complications arise 25';0 360 31'0 3éo 33;0 3210
from the combination of g and hyperfine Magnetic field [mT]
anisotropy
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Understanding “powder” lineshapes - g anisotropy in axial symmetry

Equatorial orientations are more probable than polar (axial) orientations

B,
1 -
circumference: sin(0) ///
21 sSin r =
[l
00 10 20 30 40 50 60 70 s oo )
Intensity is higher at equatorial orientations corresponding to g,
G +AG 2
. = Vsin’0 g, + cos’0 g,° l' l
I : T

i |
6 0 35 54.7  90°
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Understanding “powder” lineshapes - g anisotropy in CW EPR spectra

axial symmetry orthorhombic

| thw/gz“B hvmw/ngB

AV G s hvmw/gius
| /
A

| hvmw/g xp’B

300 320 340 300 320 340
B, (mT) B, (mT)
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Understanding “powder” lineshapes - g and hyperfine anisotropy

Example: Cu(ll), S=1/2, | = 3/2, axially symmetric g- and hyperfine tensor

Spectra of individual nuclear spin states Total spectrum
A [T T lhfiatg, M hfi at g, Absorption
gll Il (echo detected)
m,=1|+3/2) )\
L////// \\\\\L —
Cu
’ ‘ m,=|+1/2
L L e ‘ : CW-EPR
h mw/ B
m,=|-1/2) J\ Y |‘q”M
“ hv. 19,1,
mI = |—3/2> A” vmw gﬂfl
0.3 0.32 0.34 0.3 0.32 0.34
B, (T) B, (T)
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If ligand hyperfine couplings are too small: hyperfine spectroscopy

[1IN(SO.CF3),

L = PMe;,

No hyperfine resolution in CW EPR

320 325 330 335 340
magnetic field [mT]

Electron-nuclear double resonance HYperfine Sublevec CORrElation spectroscopy
(ENDOR) (HYSCORE)

10 15 20

Z
p e when applicable, HYSCORE provides
A » VaANS superior resolution and simplifies
: . . . . assignment
5 10 15 20

radio frequency [MHZz]
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E 1 WE Angew. Chem. Int. Ed.

60, 3596-3602 (2021)

Measure under reaction conditions

e high sample temperature
e resonator at ambient temperature (water-cooled)
e controlled reaction gas mixture

e on-line product analysis (mass spectrometry)

i ERR
H activity
_ Cre*  Cr Cr2* silent

=
@ H
= Cr®* active
2 = =
w0
=
2 [—e73k — 773K

— 723K 798 K

— 748K

I 1 1 T 1
100 200 300 400 500 600
Magnetic field / mT

Operando EPR

CaHg+HCI+0,

Three-way

connector \
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T T To mass

spectrometer
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| O e |
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Anton Ashuiev, Daniel Klose, Christophe Copéret, Jeroen van Bokhoven

Identification of active species from difference spectra

Methanol from methane on y-Al203

Molecular Grafting & Activation Partial oxidation of methane

A " . (% |
H OH PH H so_ B B omu H O=~cu-0 0r-Cu=Q H H P=cung S H
\ : ,Al"-; o~ Tt ./ il \ \Al ;" \ e J > Al'u / b |AF 4|’ \ -“D | B fAl"’ 4
0 g gr L0 Y g o-AlN  P-ag 07} C O UG 0=\ PoA g T LT
76 4 clJ W' By Bu (lJ \ / cg i o o\l © CHy, 6 bar, 200 °C ? VO i o/ o\d ©
: = ! : ! 30 min | |
4-ALO4 500 °C, Synthetic air y-AlOy v-AlO5

30
Activated Subtracted 25
= Reacted e . 20
= I 5 Site | o
E E = 15
= = !
E} =
& % L
will 5
T T Il T T 1 r T T T 1 0
200 250 300 350 400 200 250 300 350 400 -30

Magnetic field (mT) Magnetic field (mT) 74 [MHz)
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Jorg Fischer, Daniel Klose, Andreas Brenig, Vitaly Sushkevich, Jeroen van Bokhoven

Distinguishing multiple active species by g factor and hyperfine interaction

Methanol from methane on Cu-exchanged mordenite

Process EPR spectroscopy IR spectroscopy
J— s1
B : ; : i : 1940
- Reactip, /\/ CuyMOR ; 190B
O | _ : - | : b b : : activated '
L ] ! i § 3 f
5 T CllpgMOR. | | S3 i 1827
& Vo2 [\ ; ' ' 1730
g - 11798 |
o _ U I i
6o i Q:a s e Y
'094!-33 \ .I 6\)\'0 s : L L) L T T 1 r T T T T T T T T T 1
b N 250 260 270 280 290 300 310 2100 2000 1900 1800 1700 1600
B, [mT] Wavenumber [cm™]

.

Tr

S4

e UV-vis identifies an EPR-silent dimeric species S4
in a sample with high (5.2 wt%) copper loading
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Jorg Fischer, Daniel Klose, Andreas Brenig, Vitaly Sushkevich, Jeroen van Bokhoven

Combining techniques in a kinetic study

Methanol from methane on Cu-exchanged mordenite

Operando EPR spectra

Time i

220 240 260 280 300 320 340
B, [mT]

Operando EPR kinetics
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Methane pressure kinetics

—473 K — 503 K 1.00 — 473 K

~ — Fit (473 K) Fit(503K) = — Fit (473 K)

——488K  ——513K . __ 488K

Fit (488 K) Fit (513 K) i Fit (488 K)
o — 503 K
2 .98 Fit (503 K)
T — 513K
o Fit(513 K)
£ 0.97]
1]
£
2 0.96 1
¢ W T B 0 2000 4000 _6000 8000

Time [s]

e kinetics data is consistent between samples and techniques (EPR and UV-vis)
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Arrhenius plots
Cu, ,MOR
5.  E,=66kJ/mol
| e
g .1 e
E -6 =
B Cu,,MOR ™
W -
g | ""-lj’“_ 36 kJ/imol
b '8' E == ==
g "=
’é 94 Cu, ,MOR
8 ."--._r___-_h-hEn=38kJ,-'mol
E'“" Cu, ;MOR TT--a
) 1E, = 35 kJ/mol
1.96E-03 2.03E-03 2.10E-03
Temperatur [1/K]
®  kcu-Dimer (CH4 pressure)
® kcu-Monomer (EPR)
® kcu-Monomer (CH, pressure)
= Kcu-Monomer (EPR)




Ar
[ t Alz03.700
C N\T' s—Bu pentane
i
N \1 - 'BuCH;
\ Bu
Ar

1@AI,03.799

300 320 340 360 380 400

B, [mT]
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300 320

B, [mT]

340 360 380

Anton Ashuiev, Nino Wili, Daniel Klose, Florian Allouche, Christophe Copéret

From molecular to surface species

v, [MHZ]

Molecular species 1

e proof that nacnac
ligand remains
attached



Anton Ashuiev, Nino Wili, Daniel Klose, Florian Allouche, Christophe Copéret

Structural models by EPR + DFT

Molecular species 1 Surface species 1@Al,0, ,,,

X-band HYSCORE X-band HYSCORE Q-band HYSCORE

N T T T T

RN
‘\"'-S—MN
N
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Anton Ashuiev, Nino Wili, Daniel Klose, Florian Allouche, Christophe Copéret

Verifying a reaction by isotope labelling

Reaction of 13CHz-tBu isotope-labelled molecular species 1* with natural-isotope abundance ethylene

Hole Depth [%]

Hole Depth [%]

ELDOR-detected NMR

w b
o O

N
o

10}

0 5 10 15 20 25 30
(VHTA' V) [MHZ]

o "N features
remain the same,
merely a ligand
exchange

ELDOR-detected NMR contrast 1* to reacted 1*

X = CH,'Bu (1)
X = OAls (1@AI1,03.700)

,’Ar
CN\T-FtBu CaHs
i _
N X
\
Ar

N
o
T

-
o
T

o

40 -30 -20 10 0 10 20 30
(V' VHTA) [MHZ]

S

=200 Sim

Q.

2 10/

-
40 T 40 30

20 10 0 10 20 30 40
(V' VHTA) [MHZ]

t

Ar By \ X Ar  Bu

| /
(N\T Ar ] CN\

/I\/ > Ti

N\ 7 N\

| X \ X

Ar Ar

« ethylene replaces ‘Bu with (CH,-CH,) -tBu

probably only in part of the molecules

e evidence that a Ti(lll) species catalyzes
ethylene polymerization
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