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gallery of heterogeneous materials with reduced dimensionality
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chemical and magnetic functionalization by TMI – spin phenomena 
at interfaces associated with reactivity
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surface complexes – symmetry and speciation

heterogeneity of surface and the presence of heteroleptic ligands gives rise 
to low symmetry and pronounced speciation (distribution of EPR parameters, 
strain effects) resulting in complex EPR spectra

epitoms
(cluster model)
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symmetry is often lowered upon coordination (C4v → Cs)
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chemical species in disordered systems detected with EPR
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Ni+CO-diketimine

[PW11O39{ReVIN}]

2 mT

VO2

some simple adsorbed
molecules with 
unpaired electrons 
(NO, NO2, O2)

Cu+-NO

transition-metal ion 
complexes (molecular
and supported)

electronic defects 
in solids

electrons of 
conducting bands

paramagnets  =  atoms, molecules, solids containing net unpaired electrons (magnetic moments)
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1. EPR spectra of anisotropic systems
isotropic and anisotropic spectra
powder systems
angular dependancy of g factor
symmetry of EPR spectrum

2. Extra features of powder EPR spectra of anisotropic
systems

3. Low-symmetry effects
4. Local inhomogeneity – strain effects
5. Local symmetry probes



EPR spectra of 
anisotropic systems



VO(acac)2

mI = -7/2
-5/2

-3/2 -1/2
+1/2

+3/2

+5/2 +7/2

partially time-averaged spectra-
asymmetric line broadening

τR = ηV/kT

µ = -giso(µB/ħ)S

g is a scalar

high local symmetry
(T, Th, Td, O, Oh, Ih, … R3)

gz

gx

gy

B

y
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z

giso = gxx = gyy= gzz

symmetry constraints

H = ħ-1 gisoµBBT·S

H = ħ-1 gµB(BxSx + BySy + BzSz)

isotropic spectra

Isotropic = „same in all directions”

• In fluid solution a molecule can 
tumble rapidly, and

• presents an „average” to the 
external magnetic field 
direction.

• An „average (or isotropic) 
response is detected,

• provided that the tumbling is 
fast compared to the 
frequency of the experiment.
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Cu(acac)2 solution spectrum

Cu(acac)2 (3d9)
63Cu I = 3/2 gn = 1.484  Ab = 69.2%
65Cu I = 3/2 gn = 1.588 Ab = 30.8%
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J. Chem. Phys., 33, 1094, ( 1960), 
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for a spherical particle of radius r

Cu(acac)2 solution spectrum

Cu(acac)2 (3d9)
63Cu I = 3/2 gn = 1.484  Ab = 69.2%
65Cu I = 3/2 gn = 1.588 Ab = 30.8%

∆Bpp

∆Bpp

mI-dependence of linewidths results from 
incomplete averaging of g and A tensor anisotropy 



Cu(acac)2 (3d9)

frozen solution, 77 K
toluene

frozen solution, 77 K
toluene + CH2Cl2

„glass”

240 260 280 300 320 340 360 380
B / mT

solution, 295 K

frozen solution „powder” spectrum

63Cu I = 3/2 gn = 1.484  Ab = 69.2%
65Cu I = 3/2 gn = 1.588 Ab = 30.8%



µ = - (µB/ħ) gS

g is a tensor

local symmetry lower than
(T, Th, Td, O, Oh, Ih, … R3)

gxx = gyy ≠ gzz

symmetry constraints

H = ħ-1 µBBT·g·S

H = ħ-1 µB(gxxBxSx + gyyBySy + gzzBzSz)

anisotropic spectra

Anisotropic = „different in different directions”

• In a solid sample molecular 
motion is usually restricted,

• often only vibrational motion 
remains.

• EPR spectra reflect a „sum” of 
many molecular orientations with 
respect to the applied magnetic 
field,

• ideally stochastic distribution is 
expected.

𝒈𝒈 =
𝒈𝒈𝒙𝒙𝒙𝒙 𝟎𝟎 𝟎𝟎
𝟎𝟎 𝒈𝒈𝒚𝒚𝒚𝒚 𝟎𝟎
𝟎𝟎 𝟎𝟎 𝒈𝒈𝒛𝒛𝒛𝒛

gxx ≠ gyy ≠ gzz



1) The paramagnetic must be diluted without being contaminated. 
Dilution must be obtained at the molecular level. 

2) The orientation of paramagnetic particles in space must be completely 
stochastic. The solid phase must be obtained in a form sufficiently fine to 
avoid the presence of macrocrystalites. In the case of frozen solutions, these
must form a glass. 

3) The random orientation of the paramagnets must be tested by rotating the 
sample in EPR cavity of about 20° and repeating the measurement. If the 
two spectra are identical, the sample can be considered as a powder one. 

powder-like systems for EPR measurements
preparation of a sample in a „powder” form



preparation of a sample in the form of glass „powder”

based on R. S. Drago, Physical methods for chemists, 1992 

powder-like systems for EPR measurements



partially-oriented samples

Si layer

Al layer

more details on partially oriented powders: F. E. Mabbs, D. Collison, Electron Paramagnetic Resonance of d Transition Metal Compounds, Elsevier, 1992.

perpendicular orientation

parallel orientation

random orientation

alumina-silicate layered material (hectorite)

Cu-A zeolite microcrystals deposited on a glass plateperpendicular orientation
of glass plate

parallel orientation
of glass plate

powder sample

EPR spectra of Cu(II) probe

Advanced Techniques for Clay Mineral Analysis, Elsevier, 1981

J. Phys. Chem. B, 2003, 107, 8281



orientation-dependent EPR spectrum of monocrystal
EPR measurements for a monocrystal

S = ½ , I = 0reference axis system
g-tensor elipsoide

1.  measure EPR spectra with respect to rotation 
about each crystal axe

2.  find the relation Brez(θ,φ), ergo g(θ,φ) 
3.  fit the experimental g(θ,φ) relationship to the 

theoretical equations

4.  calculate the principal components of g-tensor (gxx, gyy, gzz) –
and orientation of the g-frame with respect to the crystal frame

θθθθ cossin2sincos 222222
ijjjiieff gggg ++=



angular dependency of g factor
example for axial symmetry

H = ħ-1µB[g┴BxSx + g||BzSz]

H = ħ-1µBB[g┴Sxsinθ + g||Szcosθ]θ

g|| B

g┴

z

x calculation of matrix elements Hij

〈α|H|α〉 = 1/2µBBg||cosθ 〈α|H|β〉 = 1/2µBBg┴sinθ

〈β|H|β〉 = -1/2µBBg||cosθ 〈β|H|α〉 = 1/2µBBg┴sinθ
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E1,2 = ± 1/2µBB(g||
2cos2θ + g┴2 sin2θ)0.5

hν = E2 – E1 = µBB(g||
2cos2θ + g┴2 sin2θ)0.5

g(θ) = (g||
2cos2θ + g┴2 sin2θ)0.5

hν = µBB g(θ) g(θ) = g(cos2θ + sin2θ)0.5 = g
= 1

for g|| = g┴ = g (isotropic system)

angular dependency vanishes

angular dependency of g factor
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angular dependency of g factor

S = 1/2 I = 0
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anisotropy of Zeeman interaction

rhombic symmetry



randomly oriented systems

powder and frozen solution patterns

θ

B

fraction of crystallites oriented within the solid angle θ and θ + dθ
with respect to the magnetic field B

Bres(θ ) = hν/g(θ)µB

B



solid angle (Ω) 
and 

element of area (dA) 
on the surface of a sphere
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randomly oriented systems

John A. Weil
John A. Weil, James R. Bolton, Electron Paramagnetic Resonance: Elementary 
Theory and Practical Applications, 2007 John Wiley & Sons, Inc.

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Weil,+John+A


angular dependency for axial symmetry
B = hν/g(θ)µB

= [g┴2 sin2θ + g||
2cos2θ ]-0.5hν/µB

= [g┴2 – (g┴2 – g||
2)cos2θ]-0.5hν/µB

bigger anisotropy - greater span of 
magnetic resonance field

probability of 
resonance between B
and B+dB

fraction of crystallites with orientation 
within θ and θ+dθ with respect to B 
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angular dependency for axial symmetry
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absorption profiles for axial and rhombic symmetry
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linewidth effects

1235 1245 1255 1265

B /mT
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g⊥ = 1.990

g‖ = 2.010
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Q-band
ν = 35.00 GHz

g⊥ = 2.010

g‖ = 1.990



effect of anisotropy in g-values

g⊥ =

335 340 345 350

B / mT

g‖ = 2.000

335 340 345 350

B / mT

g⊥ = 1.990

1.950

1.980

1.990

1.995

1.950

1.980

1.990

1.995

= g‖

X-band, ν = 9.45 GHz



effect of anisotropy in g-values

Mn-doped CdSe

T = 11K

Spectra from: Z. Wang, W. Zheng, J. van Tol, N.S. Dalal, G.F. Strouse
Chem. Phys. Lett. 2012, 524, 73-77

core-shell structure



„road maps”
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resonant field Bres of powder sample

resonance lines in the powder EPR 
spectrum are coincident with the 

stationary points of the plot of angular 
dependency of B
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symmetry – EPR spectrum relationship
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anisotropy of g- and A-tensors

S = 1/2 I ≠ 0
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anisotropy of hyperfine interaction

polioriented system
„powder spectrum”

perpendicular orientation

parallel orientation

„parallel” component
gII, AII

perpendicular component
g⊥, A ⊥

changes of the 
resonant field with 
angle θ

S = 1/2, I = 3/2



 
       

 
   

     

 
 

  
g    

 

 

C1, Ci Trójskośna gij ≠ 0 i gxx ≠ gyy ≠ 
gzz; Axx ≠ Ayy ≠ Azz 

Wszystkie 
niewspółosiowe,  
α ≠ β ≠ γ ≠ 0° 

 

 

C2, Cs, C2h Jednoskośna 
gxz = gyz = gzx = gzy = 
0 i gxx ≠ gyy ≠ gzz; Axx 
≠ Ayy ≠ Azz 

Jedna oś g i jedna A 
współbieżne, α ≠ 0° 
β = γ = 0° 

C3, S6 
Osiowa 

niewspółliniowa 

Jak dla C2 i gxx = gyy 
≠ gzz, gxy = – gyx;  
Axx = Ayy ≠ Azz 

Tylko gzz i Azz 
współbieżne, α ≠ 0° 
β = γ = 0°  

 D3, C3v, D3d Osiowa 
gxy = gyx = 0 i gxx = 
gyy ≠ gzz 
Axx = Ayy ≠ Azz 

Wszystkie 
współosiowe  
α = β = γ = 0° 

C4, S4, C4h 
Osiowa 

niewspółliniowa Jak dla C3 Jak dla C3  
 D4, C4v, D2d, D4h Osiowa Jak dla D3 Jak dla D3 

C6, C3h, C6h, 
Osiowa 

niewspółliniowa Jak dla C3 Jak dla C3 
 

 D6, C6v, D3h, D6h Osiowa Jak dla D3 Jak dla D3 

 
 

D2, C2v, D2h Rombowa Jak dla C2 i gxy = gyx 
= 0 

Wszystkie 
współosiowe  
α = β = γ = 0° 

 
 

T, Th, O, Td, Oh Izotropowa Jak dla D3 i gxx = gyy 
= gzz; Axx = Ayy = Azz 

Wszystkie 
współosiowe  
α = β = γ = 0° 

 

Crystalographic 
system

Triclinic

Monoclinic

Trigonal

Tetragonal

Hexagonal

Orthorombic

Regular

Bravais cell Point symmetry EPR symmetry Constraints

Triclinic

Monoclinic

Axial
non-collinear

Rhombic

Isotropic

Axial

Axial non-collinear
Axial

Axial non-collinear

Axial

all non-coincident

all 
coincident

all 
coincident

as for C3

as for D3

point symmetry vs. EPR symmetry

F. Mabbs, D. Collison, Electron Paramagnetic Resonance of d Transition Metal Compounds, Elsevier Amsterdam, 1992

one axis of g and one of 
A coincident

only gzz and Azz coincident

as for C3

as for D3

all 
coincident

As for

As for

As for



computer simulation of powder spectrum
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extra features of powder
EPR spectra of 

anisotropic systems



EPR symmetry
lowering symmetry - rhombic

z z z z x

y

260 280 300 320 340

gzz = 2.2595 |Azz| = 18.1 mT
gyy = 2.0527

|Axx| = 1.84 mTgxx = 2.0570
|Ayy| = 2.81 mT

simulation

experimental

B / mT

C2v point symmetry

I = 3/2



off-axis turning points
For some combinations of the principal values ​​of gii and Aii, owing to intricate
relationship of Bres(θ,φ), stationary points and therefore EPR lines may arise, 

which do not correspond to field orientations along the principal axes of g and A
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analysis of angular effects

mI= -3/2
mI= -1/2
mI= 1/2
mI= 3/2

Off-axis 
turning 

point

B / mT

280 300 320 340
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80
ϕ= 0°
ϕ= 90°

θ



molecular complexes of Cu(II) – glass spectra

S-band
ν = 3.500 GHz

σ = 0.8 mT

X-band
ν = 9.450 GHz

σ = 2.0 mT

Q-band
ν = 35.00 GHz

σ = 3.5 mT
W-band

ν = 94.50 GHz
σ‖ = 7.0 mT
σ⊥ = 9.0 mT

g⊥ = 2.050
g‖ = 2.300

A⊥ = 0.5 mT
A‖ = 20 mT

overshoot



X band

Q band
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molecular complexes of Cu(II) – glass spectra

Data from: V.B. Arion, P. Rapta, J. Telser, S.S. Shova, M. Breza, K. Lušpai, J. Kožišek
Inorg. Chem. 2011, 50, 2918–2931.



MgO superoxide surface species

A = 0.13 mT

1.0 mT

B

experiment
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Surface 

13 e-

σ*(2p)

π(2p)

π*(2p)

σ(2p)

O2
–

E

∆

A = 0.21 mT

simulation

A = 0.32 mT

gxx ≈ ge
gyy = ge + 2λ/E
gzz = ge + 2λ/∆

OH

gzz = 2.0770

gyy = 2.0091

gxx = 2.0018

MgO

Spectra taken from: M. Chiesa, E. Giamello, M. C. Paganini, Z. Sojka, D. M. Murphy
J. Chem. Phys. 2002, 116, 4266-4274

Acknowledgement to Prof. Mario Chiesa
(University of Turin, Italy)



17O-16O

17O-17O

16O-16O

P16-16=(1-p)2=20%

P17-17=p2=31%

P17-16=2p(1-p)=49%

17O (I = 5/2)

N = 2 × I + 1 = 6

N = 2 × In + 1 = 11
magnetically equivalent nuclei

N = 2 × I + 1 = 0

Magnetic field / mT

Species 16O16O 16O17O
17O16O

17O17O

Concentration (1 - x)2 2x(1 - x) x2

Number of lines 1 6 11

Distribution of 
lines

5/2  3/2  1/2 -1/2 -3/2 -5/2

x – 17O enhancement level 

-55
4

-3
-4

3
2

1 0 -1
-2

16O and 17O isotopomeres of O2
–

simulated exemplary spectra from 
Pietrzyk et al. J. Am. Chem. Soc., 133, 19931–19943, 2011



10.0 mT
B

16O-16O

16O-17O
17O-16O

17O-17O

16O-17O
17O-16O

gzz = 2.0770

gyy = 2.0091

gxx = 2.0018

16O2
–---OH

(17O, x = 28%)

(17O, x = 63%)

17O2
–---OH

Isotopomers of O2
-

16-16 17-17
16-17

x

simplification of the spectra through suppression of the speciation and controlled enrichment

variable enrichment approach for controlling the isotopomer composition

16O and 17O isotopomeres of O2
–

Case study: J. Chem. Phys. 2002, 116, 4266-4274
Acknowledgement to Prof. Mario Chiesa
(University of Turin, Italy)



• •

10.0 mT

B

experiment

simulation

Axx = 0.76 mT

AH = 0.39 mT

gzz = 2.0770

gyy = 2.0091

gxx = 2.0016

Isotopomer 16O17O

16O17O– isotopomer

J. Chem. Phys. 2002, 116, 4266-4274

extra lines

Acknowledgement to Prof. Mario Chiesa
(University of Turin, Italy)



identification of extra features
J. Chem. Phys. 2002, 116, 4266-4274
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line mI = 5
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off-axis
extra lines
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extra lines – what for? gzz

OAzz = 0.83 mT
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superhyperfine and hyperfine structure 17O2
–/H+ on MgO

C2v → orthorhombic symmetry → g and OA axes coincident

Cs → monoclicic symmetry → g and HA axes noncoincident

the local point symmetry at the given nucleus determines whether or not any
of the principal axes of the g and A tensors are required to be coincident or not

σzy
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accounting for the H-shf
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low-symmetry effects in 
EPR spectra



low symmetry complexes

σ

low symmetry at molybdenum center

Structure after Ch. G. Young, Eur. J. Inorg. Chem. 2016, 2357-2376

Mo(V) (95,97Mo I = 5/2), 4d1, S = ½, Cs point symmetry (or local symmetry)

Cs E σ

A’ +1 +1 x, y, Rz x2, y2, z2, xy

A’’ +1 -1 z, Rx, Ry xz, yz

scorpionate complexes – models for molybdenum enzymes

cis-[(L3S)MoO2Cl]

V.W.L. Ng, M.K. Taylor, J.M. White, Ch.G. Young
Inorg. Chem. 2010, 49, 9460–9469



measuring low symmetry

experimental

simulated

X band, 77 K, CH2Cl2/toluene

[Tp*MoO(OMe)2]

1.971

1.9341.941

[Tp*MoO(OMe)2]

[Tp*MoO(Cl)2]7.8 mT

4.2 mT

33°

1.966

1.9051.942

4.4 mT

8.0 mT

38°

2.0 mT

1.5 mT

view perpendicular to mirror plane

monoclinic angle defined to ± 1°

Tris(3,5-dimethylpyrazolyl)hydroborate Mo(V) = [Tp*MoOX2]

Spectra from: W.E. Cleland, K.M. Barnhart, K. Yamanouchi, D. Collison, F.E. Mabbs, R.B. Ortega, J.H. Enemark, 
Inorg. Chem. 1987, 26, 7, 1017-1025



non-coincidence of g- and A-tensor principal axes
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non-coincidence of g- and A-tensor principal axes
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the non-coincidence effects on an EPR powder spectrum become obvious if two 
(or more) tensors have relevant and comparable anisotropies between them
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non-coincidence of g- and A-tensor principal axes

Effects of non-coincidence of tensors g and A on a powder spectrum:

1) the spectrum contains „too many lines”
2) the intensity and position of the spectral lines 

is not that expected on the basis of simple 
considerations

3) it is not possible to simulate the spectrum 
assuming rhombic or axial symmetry



non-coincidence of g- and A-tensor principal axes
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low-symmetry features

irregular hyperfine 
separation

X band, 77 K, CH2Cl2/toluene

[Tp*MoO(Cl)2]

[Tp*MoO(OMe)2]

x10

low symmetry

non-coincidence 
of g- and A- axes

Spectra from: W.E. Cleland, K.M. Barnhart, K. Yamanouchi, D. Collison, F.E. Mabbs, R.B. Ortega, J.H. Enemark, 
Inorg. Chem. 1987, 26, 7, 1017-1025



Local inhomogeneity and
local symmetry probes



strain broadening and smearing of EPR features
hydrated MnK-A zeolite (0.1 wt.% Mn)

S = 5/2

Spectrum from: D.E. De Vos, B.M. Weckhuysen, T. Bein,
J. Am. Chem. Soc., 1996, 118, 9615–9622.

Spectra from: P.J. Carl, S.C. Larsen, 
J. Phys. Chem. B 2000, 104, 6568-6575

Cu-ZSM-5 zeolite

hy
dr

at
ed

de
hy

dr
at

ed

g-strain
Powder samples come with a distribution of
local surroundings (conformations) of the
paramagnetic centers

For EPR this means that a paramagnetic
center, which has a slightly different structural
surrounding, exhibits a slightly different g-
value.

This structural inhomogeneity is a source of
the so called g-strain, and is reflected in the
spectroscopy in the form of an inhomoge-
neous line shape.

This normally results in a change from a
Lorentzian to Gaussian line shape. An
important consequence of this g-strain effect
is that the line width is in general, also
anisotropic.

-5/2 ↔ -3/2

+5/2 ↔ +3/2
-3/2 ↔ -1/2 +3/2 ↔ +1/2

-1/2 ↔ +1/2



strain broadening and smearing of EPR features
hydrated MnK-A zeolite (0.1 wt.% Mn)
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In magnetically diluted systems g-strain (but also A- and D-strains) 
leads to apparent mI and frequency dependence of the hyperfine 
(and fine) linewidths (σ):

σRi are the residual linewidths due to unresolved metal and (or) 
ligand hyperfine splitting, homogeneous broadening and other 
sources;
∆gi and ∆Ai are the widths of the Gaussian distributions of the g
and A values

J. Magn. Reson. 1991, 93, 12

Spectrum from: D.E. De Vos, B.M. Weckhuysen, T. Bein,
J. Am. Chem. Soc., 1996, 118, 9615–9622.



strain broadening and smearing of EPR features
MoOx/SiO2 catalysts

X-band, 25°C, reduction in H2 at 500°C
95Mo-enrichment

X-band, 25°C, reduction in H2 at 500°C

95Mo, I = 5/2

95Mo-enrichment
Q-band, 25°C, reduction in H2 at 500°C

Spectra from: M. Che, J.C. McAteer, A.J. Tench
J. Chem. Soc., Faraday Trans. 1, 1978,74, 2378-2384

g-strain refers to anisotropic broadening of the linewidths owing to distribution of g-values caused by
small local inhomogeneity (slight variations in the orientation of the Mo(V) surface centers, heteroleptic
various surface ligands, geometric strains, surface strains). Also, broadening of the g-values depends on
the microwave frequency. If the line broadening were determined only by e.g. unresolved hyperfine
coupling (which are field-independent), then the line widths would also be field independent, but they
often are not.



use of local paramagnetic probes

OH(1)

OH(1)

Cu2+
O2

−

SEM image

mayenite cage with O2
− counterion

T = (µ0/4π)gegnµBµn(1/r3)

Mayenite
12CaO·7Al2O3
unit cell = 12 cages
charge of unit cell = +4 

d = 4.4 Å

S. Maurelli, M. Ruszak, S. Witkowski, P. Pietrzyk, M. Chiesa, Z. Sojka 
Phys. Chem. Chem. Phys. 2010, 12, 10933-10941



local symmetry probe (g tensor)

Γ0 × ΓL× Γn ⊂ totally symmetric representation ΓA
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local symmetry probe

axial distortion rhombic distortion

isotropic center
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local symmetry probe
differentiation between d1 and d9 configurations
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(negative g-shift)
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coupling with occupied d states 
(positive g-shift)



local symmetry probe

Cu(II)-(O2-)2-Cu(II)

CeO2 matrix

g|| = 2.2079, g⊥ = 2.0403
|A||| = 8.5 mT, |A⊥| = 1.35 mT
D = 0.066 cm–1, J = – 52.5 cm–1

dCu-Cu = – 0.081 cm–1, D(S) = 0.147 cm–1,

Spectrum from A. Aboukaïs, A. Bennani, C.F. Aïssi, G. Wrobel, M. Guelton, J.C. Vedrine, 
J. Chem. Soc., Faraday Trans. I, 1992, 88, 615

( ) ( )[ ]∑ +×+−= −
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BABABAABBA

2 SDSSSdSSH S
EX J

Axial symmetry
2 nearly equivalent Cu(II) centers
Antiferromagnetic coupling

Isotropic exchange
term

Antisymmetric ex.
term (D.-M.)

Symmetric ex.
term 



Conclusions

Analysis of EPR spectra of powder samples requires:

1. computer simulations
2. accounting for EPR parameters strains
3. accounting for low-symmetry effects
4. checking for presence of off-axis extra features

Useful experiments and procedures
adsorption of probe molecules
isotopic substitution
multifrequency measurements
use of hyperfine techniques
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