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gallery of heterogeneous materials with reduced dimensionality

size, shape,

symmetry, porosity,
aspect ratio
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chemical and magnetic functionalization by TMI — spin phenomena JMN
at interfaces associated with reactivity



http://www.nanomineral.info/ff_p1.htm

surface complexes — symmetry and speciation

crystalline
3D nanoporous
tectosilicates
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symmetry is often lowered upon coordination (C,, — Cs) \

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




chemical species in disordered systems detected with EPR

paramagnets = atoms, molecules, solids containing net unpaired electrons (magnetic moments)

‘N“‘it(‘, [PW;1039{ReVIN}]
some simple adsorbed hae e
molecules with N
unpaired electrons (o DY ' |
(NO, NO,, O,) 2mT P

transition-metalion
complexes (molecular
and supported)

electronic defects
in solids

electrons of
conducting bands

Ni*CO-diketimine scrooL
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EPR profits

identification spatlal distribution (lmaglng)
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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




isotropic spectra

g is a scalar

Isotropic =,,same in all directions” ﬂ —_ -giSO(MB/h)S
* In fluid solution a molecule can  partially time-averaged spectra- high local symmetry
tumble rapidly, and asymmetric line broadening (T, T, Ty, O,,Op, Iy, - R3)

* presents an ,average” tothe

external magnetic field

direction. m, = -7/2
* An ,average (or isotropic)

response is detected,
* provided that the tumbling is

fast compared to the

frequency of the experiment.

312 12

-5/2 +1/2 symmetry constraints

+3/2 Giso = 9xx = 9yy= 9z,

+5/2 +7/2

ol

H = 1" g;,upB"S

H=n! BS.+B B,S
VO(acaC)2 g,uB( Wyt ySy+ z z)




Cu(acac), solution spectrum

Cu(acac), (3d°) Giso

®3Cul=3/2g,=1.484 Ab=69.2% — EXp.
®5Cul=3/2 g,=1.588 Ab=30.8% = sim.
10 mT
B
A e 4
ABPP
—1( ) =2.12 hv, _am
<g>_3 gxx+gyy+gzz — e 37 G BmI — ___is0
ABw 8Hg  8SHp

<A> = _(Axx +A, + Azz)= a,, =7.62mT

‘ note that linewidths are not constant




Cu(acac), solution spectrum

Cu(acac), (3d°)

®3Cul=3/2g,=1.484 Ab=69.2%
®5Cul=3/2 g,=1.588 Ab=30.8%

/

a—a, < (Ag) 7,
B, o« (AgAA)e,
Vi< (AA)ZTR

for a spherical particle of radius r
3
4mrn

.
® o 3kT

ABPP

m~dependence of linewidths results from
incomplete averaging of g and A tensor anisotropy

ﬂ

AB, =a+ Z(,Bimi + 7l.mi2 + )

! Ag=g,—8.
-— TR = correlation rotation time
ABPP
J. Chem. Phys., 33, 1094, ( 1960),

44, 154, (1966); 44, 169, (1966) BY

EFEPR



frozen solution , powder” spectrum

Cu(acac), (3d°)
63Cu/=3/2 g,=1.484 Ab=69.2% solution, 295 K
65Cu/=3/2 g,=1.588 Ab=30.8%

frozen solution, 77 K
toluene

frozen solution, 77 K
toluene + CH,CI,

A Ao N

»glass”

240 260 280 300 320 340 360 380
B/ mT




Anisotropic =, different in different directions”

anisotropic spectra

g is a tensor g 0 O
g9=|0 gy, 0
1 0 0 g,

local symmetry lower than
(Tr Thl le 0, Ohl Ihr R3)

symmetry constraints
Oxx = gyy¢ 9.
Oxx # gyy # 9.,

In a solid sample molecular
motion is usually restricted,
often only vibrational motion
remains.

EPR spectra reflecta ,sum” of
many molecular orientations with
respect to the applied magnetic
field,

ideally stochastic distribution is H = h_l /uBBT.g.S
expected.
H=7" uy(g.B,S, + 8,B,S,+ &.,B,S,)




powder-like systems for EPR measurements

preparation of a sample in a ,,powder” form

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 the form of glass ,, powder”

- Glassing Agents

ixiures

Components Ratio A:B:C... Pure Substarce

pdrecarbon Fmethylpentans sulfuric acid sugar (.4 M sucrose)
3-methylpertaneisopentanes 1:1 methylcyclopentane phospheoric acid triethanclamine
isopentane/methylcyclohexans 1.6 paraffin ol (Mujol) ethanol 2-methyltetramydrofuan
methylcyclopentane'methylcyclohexane 1:1 isopentane isopropanol di-n-propyl ether
ZFmethylpentane/isopentans 1.2 methyleyclohexane 1-propanol decalin

aleshal isooctane 1-butanaol triacetin
ethanol/methanol 4.1, 52 1:8 boric acid glycercl tolugne
isopropanolfizopenta ne 37

ethanolispopentane/diethyl ether 255

isopentana/n-outanal T3 : :
Rissctanal cerooanti 82 based on R. S. Drago, Physical methods for chemists, 1992
diethyl etherfisooctanefisooropanal (or ethandl) 331

diethyl etherisopropano (or ethancl) 31

diethyl ethentoluene/ethanal 2:1:1

butanol/diethyl ether 25

aromatic

loluena’methy lene chiorde
toluene'acetone
toluene’ELOH or MeOH
toluena'acetonitrile
toluene'chioroform

‘warbar

wiater propylene glycol
water/glycenl

water/(poly ethyiene glycol

1:1 or excess lolusne
1:1 or excess toluens
1:1 or excess lolusng
1:1 or excess toluens
1:1 or excess lolusne

1:1
4:1to1:4
4:11to0 1:4




partially-oriented samples
EPR spectra of Cu(ll) probe

alumina-silicate layered material (hectorite)

perpendicular orientation
Al layer —T
1 ) 1

v P Ay
v 4 ;
0® o0 o° o /\/\E/\/\/—— parallel orientation
\ \ g,
random orientation
—  F—

Advanced Techniques for Clay Mineral Analysis, Elsevier, 1981

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

o
parallel orientation |4 ;
of glass plate }~S3 :f(

powder sample

2.60 zéo 360 3éo 3.40 J. Phys. Chem. B, 2003, 107, 8281
B/ mT

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

g-tensor elipsoide EPR measurements for a monocrystal
Ss=%,1=0

reference axis system

|

ii. H .
” rie

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

. find the relation B,.,(0,0), ergo g(0,¢) ). = = = - -

3. fit the experimental g(0,) relationship to the 285 295 305 315 325

theoretical equations B/ mT JM.\\_

gfff =g cos’ 0+ gf.j sin> 0+ 2g,§ sin 6cosO 4. calculate the principal components of g-tensor (g, 9,y 92) -
and orientation of the g-frame with respect to the crystal frame

N
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angular dependency of g factor

z| example for axial symmetry

H = h_IMB[g-LBXSX + g||BzSz]
H = r'ugBlg.iS,sinf+ gS cosd]
calculation of matrix elements H;;

(a|H|ay=1/2pzBgcos@  (a|H|B)=1/2pzBg.sind

gL X

81

g= 81
calculation of eigenvalues of H;; (E) g

(B|H|B) = -1/2pyBgcos®  (B|H|o)=1/2pyBg.sind

o p e
o [1/2u,Bgcosd—E  12u,Bg sin@ | SEVR=AFUD
P | 1/2u,Bg sin® -1/2p,Bgcosb—E Ereer




angular dependency of g factor
Al o B
o (12u,Bgcosd—E  1/72u;Bg sinb
B 1/2u,Bg ,sm®  -172p,Bg cosb—E

gL X

(1/2pgBgcosf - E) (-1/2pgBgcosd - E) - (1/2pgBgising)? = 0
E,, =+ 1/2u3B(g|*cos*d + g1*sin?6)">
hv = E, - E, = u3B(gjfcos’d + g1*sin’6)"’>

for g, = g. = g (isotropic system)
A

g(0) = g(cos?d + sin?6)"S =g

- N =1
g ( H) = (gMZCOSZ 9 + g J—2 Sinzﬁ)o's E==)  angular dependency vanishes

8!!1
EFEPR



angular dependency of g factor

rhombic symmetry reference frame

gxx
g= g, S=12 I=0
gZZ
anisotropy of Zeeman interaction
B - hv,
res e
2(6,0)u,

5 [(g £ COS” @+ g, sin” (P)Sin "0+ g cos’ OF ),




randomly oriented systems

powder and frozen solution patterns

A

Bres( 9) = hV/g( 9)/‘8

fraction of crystallites oriented within the solid angle 8 and 6+ dé@

with respect to the magnetic field B 8"
EFEPR



randomly oriented systems

_ hVo g-anisotropy induces angular
g(8,0)u, dependency of EPR signal ) .
solid angle (€2)

2ntr’sindd @
and

element of area (dA)
on the surface of a sphere

QO =A/?

2
dq = 2 smodo _ - inodo

r2 X

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

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

8"‘ iy
Ereee


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

angular dependency for axial symmetry

dB/d0=0-~-" "1

|

- |

B =hv/g(0)ug

L =g 12sin?0 + gj*cos? 6 Ihv/ g

7/
; /
/ ]
B, Bax = [g1*— (g2 — gP)cos? G hv/
\ V/
\ | bigger anisotropy - greater span of
A \ magnetic resonance field
\
i P(6)d0=dQ4n = 1/2sinfdé ~ P(B)dB N
| R probability of
1‘5,.. v | resonance between B
min and B+dB
sinf
0 90 180 PB)m2C o o
0
fraction of crystallites with orientation P(B) =C/ Z(hV /u )2 1
within @ and 6+d6@ with respectto B BT B3 | (gi - gﬁ )cosO | ::EPR



angular dependency for axial symmetry

dB/d8=0- " "
! B, — g1
i
Bmax /
B — g
90 180 B,.. B, > B
[V

1

P(B)=C/2(hv/p,)* .
B (g - g )cosd | :'5'5?“




axial symmetry

absorption profiles for axial and rhombic symmetry

resonance probablity

>

B

‘
-3
o
3
S.
o
7))
<
3
3
o
=,
‘
<




linewidth effects

og/ mT g 1 9. 9
0.2 . gy = 1.990
: i g, =2.010
: : | Q-band
10.0 i v=35.00 GHz
gy =2.010 | | |
g, =1.990 | B ImT | /" BImT
1 - .

1235 1245 1255 1265 1235 1245 1255 1265



effect of anisotropy in g-values

g, =2.000 g, =1.990

/I\ |
g = 1.950 J\[ J 1950 =g,

"
J'\/V 1.980

o — J/\V 1990

1.995

X-band, v=9.45 GHz B/ mT B/ mT



effect of anisotropy in g-values

Mn-doped CdSe 54 GHz

Geore = 2.004

S — acore = 187 MHz

406.4 GHz
Ll | L1 I T=11K
Gshen = 2.001
ashe” = 255 MHZ
core-shell structure Chem. Phys. Lett. 2012, 73, 524

BRNO
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absorption
PZIOn

1st derivative

0 /degree

90

80

70

60 1
50 -
40
30 -

20

10 -

0=0°

N\

,road maps”

£ﬂ|(ghz)

a2

—

0

” gh_(g&x)

gh_(gwy)

L, |196— 97

gy—9,

0 = cos

320

330 340 350 360
B/ mT

EFEPR



resonant field B, of powder sample

resonance lines in the powder EPR
spectrum are coincident with the
stationary points of the plot of angular
dependency of B

o aB(0,9) _ o 0=0 => g,
0 " o-orp-00 mp g,
03-20 " 330 340 30 360 370 380 M =0 0= ?= 20° » gVY JM.S\_

B/ mT op

SCHOOL



simplest EPR symmetry

symmetry — EPR spectrum relationship
‘ Giso B(9v¢)

isotropic

axial I\

pIol 213aubew jueuosal

rhombic




anisotropy of g- and A-tensors

gxx Axx gzz AZZ 1
8= 8 yy A= [1yy 0 i
g 2z Azz
anisotropy of hyperfine interaction ¢ """""""""""""""""""""" gy 4,
§=1/2 120 Srr A
hv, | Km
Bres —

EHp \ §Hp

1
gk = [(gixij cos®$+g, A, sin” (I))sin2 0+g2A’ cos OF 0

EFEPR



anisotropy of hyperfine interaction

S=1/2,1=3/2

»parallel” compo
g Ay

4B

8

0\ _l(_ﬁ ﬁ

g ; ; ‘/ .,‘

: T {f 1/ {

$ ' : |
i !

e

I H/

_0=0 parallel orientation

J A A 6 =n/2 perpendicularorientation

o] AR changes of the
60 . -
S resonant field with
% B angle 6
2600 3600
i poliorientedsystem
»powder spectrum”

nV

AN

perpendicular component
g9.,A,




point symmetry vs. EPR symmetry

Crystalographic . . .
¥ S t%m P Bravais cell Point symmetry EPR symmetry Constraints
T i#20iga#gy,# all non-coincident
sclini Gy, G Triclinic %'~ »
Triclinic ' g AuF Aw# A p e
. . . . Ex: = 8y:=8x =8 = 7
Monoclinic Cs, Cyy Can Monoclinic 0% g s g, % gor Ay, "¢ 9418 0/ 8 and one of
2A %A A coincident
Yy <z
. As for C2 i xx = gyy . .
Cs, Sq Axial - B Gy = — B only g,, and A coincident
. non-collinear A.=A, #A,
Trigonal T e.—0ia =
. gX) gyx 8xx all
D3’ C3v’ D3d Axlal gyy * 8zz . .
An=A,#A_. coincident
Tetragonal Cy4, S4, Can Axial non-collinear as for C;
D4, C4v, D2d’ ean AXial asfor D3
Cs, Cans Cons Axi -colli
Hexagonal 6> Cans Con xial non-collinear as for C;
D6, CGV, D3h’ D6h Axial asfor D3
. Rh b . Asfor Csi gy =gy all
Orthorombic D, Cyy, Doy omoic -0 @
coincident
. As for D3igxx:g‘r all
T, Th, O, Tq, On Isotropic S A A Y
Regular P =8z An=An =A% oincident

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



EPR symmetry

computer simulation of powder spectrum g,
Cu(acac) =302 I
2 A, | |
Experiment DR
Simulation =N =
65Cu / \
63Cu
" Dy local symmetry g, =2.2612 A, =18.11mT

g, =2.0553 A, =2.325mT
1 i T T T T T T T

1 260 280 300 320 340
<g>:§(2gl+g//):giso =2.1237 B/ mT

<A> = %(ZAJ_ +A,)=a;,|=7.62mT




extra features of powder
EPR spectra of
anisotropic systems

8" .
EFEPR



EPR symmetry

lowering symmetry - rhombic
1=3/2

Z y4 y4
| | I
b 7 experimental
& A ~ ™ simulation
g, =2.0570 |A,, | =1.84 mT
9dyy = 2.0527 |Ayy| =2.81mT
g, =2.2595 |A,,|=18.1mT
B/ mT

260 280 300 320 340 8N
EFEPR



off-axis turning points

For some combinations of the principal values of g; and A;, owing to intricate
relationship of B,.((0,0), stationary points and therefore EPR lines may arise,
which do not correspond to field orientations along the principal axes of g and A

2 42 2 42
(2A?—hVA")< sidi =84, <(2A?—hVAfJ

m g -8 " oom
regular features © = () extra, off-axis features 0=90°, ¢=0,,
0=90°0=0° 0=6,,0=90°
0=0=90° 0=0_,0=0°

sth
I. V. Ovchinikov, V. N. Konstantinov, J. Mag. Res. 1978, 32, 179 EFEPR



analysis of angular effects

- N

80
60 -
D 40

20

0
270

280 290 300 310 320 330 340




molecular complexes of Cu(ll) — glass spectra

A X-band
S-band v = 9.450 GHz
v = 3.500 GHz o =2.0mT
oc=0.8mT
/ Q-band
overshoot v = 35.00 GHz
c=3.5mT e
W-band
g, =2.300 A =20 mT v = 94.50 GHz
g, =2.050 A, = 0.5mT oy=7.0mT

O'J_=9.0 mT



molecular complexes of Cu(ll) — glass spectra

Exp.
. QO

- Gy
@]

X band

1 N 1 " 1 A 1 A n
80 T
60 - .
E B - Slmn
=
= - Q band
20 7]
[ ] N 1 M 1 N 1 M 1 N 1 M 1 M 1 M 1 M 1 M
T T T T T T T T T
260 280 300 320

iy
o
T

0 T
340 360 807
B/mT S 607
1]
Off-axis turning point s 407
20
0 T T — T T T T T

1000 1025 1050 1075 1100 1125 1150 1175 1200 1225 1250 | 8™

Inorg. Chem. 2011, 50, 2918-2931. EFEPR
B/mT o



Zn(ll)-superoxide species
chemical vapor deposition in zeolite ZSM-5 (Al, | = 5/2)

Zr'|(g) + I'|+zeol = Zn(l) +7% I-Iz(g) Zn(I)(zeol) + 160Z(g) = zn(II)_IGOZ_(zeoI)

A center 1
—_— A AXX
A, center 2

— =1 A, s m— .

2.0103

2.0607

B experiment

experiment simulation

simulation

center 1 2.0034

catrar 2 322 324 326 328 330 332 334 336 338 340 342
B/mT
3360 3365  337.0 3375 3380 3385  339.0 ﬁM“\_

B/mT scHooL



Zn(ll)-superoxide species

170’ I — 5/2 L Zn-10-1%0"-Zn?*

Axx Zn2¢_170_170'_zn2+
I 1 I ) 1 ) ) 1 I 1 1
A Zn*-*0-"0"-Zn?
I ) I 1 I |

Zn2+_160_170'_zn2+

Zn2+_17o_170'_zn2+

experiment — v

simulation

x10

zz yy XX

g | 2.0610] 2.0099 | 2.0031 20~
|A]/mT | 0.60 | 0.60 | 7.68 70

e/
3
|

1 ] / B/mT

300 ' 320 340 360 380




Zn(ll)-superoxide species

170 (1=5/2)
170_160
P17-16=2p(1-p)=49%
N=2x/+1=6
LI 1
iy
g 9. 9.
T T T I 17 17T T
70-70 P17-17=p2=31%
N=2xIn+1=11
magnetically equivalent nuclei
160_160
P16-16=(1-p)2=20%
N=2x/+1=0
——————————
280 300 320 340 360

Magnetic field [ mT

160160 160170 170170
170160

Concentration (1-x)? 2x(1 -x)
Number of lines 1 6 11
Distribution of
lines | |
5/2 3/2 1/2 -1/2-3/2 -5/2 5 ‘ _4'5
3
2
1 -1

X — 170 enhancementlevel

scHooL




Zn(ll)-superoxide species

170’ I — 5/2 L Zn-10-1%0"-Zn?*

Axx Zn20_170_170'_zn2+
I T T T T T T T T T 1 Zn%*-1°0.70"-.Zn*
Ay Zn*-'"*0-""0"-Zn* v
I T T T T 1
Zn*-"0-"0"-Zn*
experiment i A Y v ——
simulation
x10

2z yy XX 90

g 2.0610| 2.0099 | 2.0031 80 ]
|A|/mT | 0.60 | 0.60 | 7.68 70‘: H
o 60 ] H
50 :
o © w0 i
B 30 :

02- 2 20

10 2 BImT
0 | ¥ T ) Y T L 1
Zn( I ) 300 320 340 360 380
Zn(l)

n2structure p—(0,0)structure




Zn(ll)-superoxide species

Zn(l)-70'0"

linem, =35

150

100 |

'''''''''''''''

0

100 150

e/

all regular resonances




Zn(ll)-superoxide species

Zn(l)-70Y0-

linem, =2

100 -

extra lines ° $r g
25.31°



180

270

mmetry effects in
EPR spectra

0 1
Field (mT) 660 785 910

SCHooL




low symmetry complexes

low symmetry at molybdenum center

scorpionate complexes — models for molybdenum enzymes

g,1.967 |

| g5 1.900 | g, 1.898

Inorg. Chem. 2010, 49, 9460-9469

Mo(V) (*>°’Mo I = 5/2), 4d%, S = %, C, point symmetry (or local symmetry)

cis-[(L3S)Mo0,Cl]
c -ﬂﬂ--

XY, R,  x%y2% 2% xy

A” +1 -1 z,R, Ry, xz,yz
Eur. J. Inorg. Chem. 2016, 2357-2376




1971

*
7.8 mT [Tp*MoO(Cl),]
339
1.941 1.934
20mT
4.2 mT
1.966
4.4 mT
[Tp*MoO(OMe),]
389
1.942 1.905
15mT
8.0mT

view perpendicular to mirror plane

measuring low symmetry

[Tp*MoO(OMe),]

SP—

X band, 77 K, CH,Cl,/toluene

experimental

—

simulated

e ———

monoclinic angle defined to+1°




non-coincidence of g- and A-tensor principal axes

z8, |
hv, Km t 7 Ay
B. = — $=1/2 10
gHg EHp B

By ¥y Ay x' Ay
1
g = [(gix cos’ o+ giy sin’ gp)sin2 9+ gzzZ cos’ BF

gK = [(gxx Aj cos’ g+ g, A’ sin ¢)sm 3+ g A2 cos ST

1
~ 2 2 2 2 gt
= [Ax S (0_'8)+Az cO5 (Q—ﬂ)F consider transition in the xz plane s



non-coincidence of g- and A-tensor principal axes

1 8242 Z/ A
K=~ [Afx sin*(9— )+ A2 cosz(S—ﬁ)F " “
M =0  for @ given by
o9 > Bxx
sin 2 2 _ 52 2
tan 219 — IB F = g'uBB gxx gzz K g
F +cos2f mK )\ A2 -Al )\ g’ AW yy, X A
when B =0 F>>1 ‘ tan29 =0 ‘ spectraI:Zatures at® =0°and 90°
or Ag S>> AA _ (along g principal axes)
. features appear along J. Am. Chem. Soc. 102, 156, 1980;
when AA >> Ag ) 1an29 =tan2B , o0 o - 00 and B) 106, 7000, 1984

for F = 1 the resonant field becomes a functionof g,,, 9,, A,, A,, and 3

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




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

gl !
EFEPR



non-coincidence of g- and A-tensor principal axes

Oxx = 2.000 [Ay| =15 mT
dyy = 1.950 |A,| =2.5 mT | = 7/2
d,.=1.900 |A,,|=2.5mT

/\: X
A



low symmetry

non-coincidence
of g- and A- axes

irregular hyperfine
separation

low-symmetry features

x10

X band, 77 K, CH,Cl,/toluene

} [Tp*MoO(Cl),]

l \f\r\f [Tp*MoO(OMe),]

WT T -



Local inhomogeneity and
local symmetry probes




strain broadening and smearing of EPR features

Cu-ZSM-5 zeolite

100G

Nwoa

i

Y
s

hydrated
NG

dehydrated

J. Phys. Chem. B 2000, 104, 6568-6575

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.

hydrated MnK-A zeolite (0.1 wt.% Mn)

§=5/2
” B
—_—
40 mT
-5/2 -3/2
LT T T (T R T T |
L 1 L L 1 J [ | L 1 1 1 | +5/2 o +3/2
-3/2¢>-1/2 +3/2 & +1/2
-1/2 o +1/2

J. Am. Chem. Soc., 1996, 118, 9615-9622.
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strain broadening and smearing of EPR features

hydrated MnK-A zeolite (0.1 wt.% Mn)

g-strain oo

In magnetically diluted systems g-strain (but also A- and D-strains)

leads to apparent m, and frequency dependence of the hyperfine B
(and fine) linewidths (o0): ”
40 mT
2
Ag.
2 2 i 2712 2
I=X,Y,Z i
-5/2> -3/2
og; are the residual linewidths due to unresolved metal and (or) L L
. . . . [ T T T T | [ T T T T | 5/2 3/2
ligand hyperfine splitting, homogeneous broadening and other Speap S #5/26+
sources; -1/2> +1/2
Ag;and AA, are the widths of the Gaussian distributions of the g J. Am. Chem. Soc., 1996, 118, 9615-9622.
and A values
sth
EFEPR

J. Magn. Reson. 1991, 93, 12



strain broadening and smearing of EPR features

Mo0O,/SiO, catalysts
J. Chem. Soc., Faraday Trans. 1,1978,74, 2378-2384
T
9
%Mo, =5/2
100G,
L [H Y L N I
R 9y DPPH
95Mo-enrichment 95Mo-enrichment
- o : : o
X-band, 25°C, reduction in H, at 500°C X-band, 25°C, reduction in H, at 500°C Q-band, 25°C, reduction in H, at 500°C

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
oftenare not.




use of local paramagnetic probes

M .t SEM image s A . HYSCORE
ayenl e : AT - o U\ H)
12€a0-7Al,0, 1 f S W )

unit cell = 12 cages
charge of unit cell=+4

mayenite cage with O, counterion

\/

\‘a“ PPN l
A o
M" < ;
|

T= (Ho/4n)gegnu3un(1/r3)

r T T v
250 300 £ 400
BimT

Phys. Chem. Chem. Phys. 2010, 12, 10933-10941




local symmetry probe (g tensor)
L|n)(n|L;|0)

(0
8 -geéij-zj‘j ‘J-‘ﬂ.h.’ E =E,

A — Stata sprzezenia spinowo-orbitalnego

mm)p [ \xI'; xI' c totally symmetric representation I'p

d,
..S0M0 di ==, |n)=0:
d P A

g =2.0023 + ni/A



local symmetry probe

isotropic center {| > g
big (dezy2) - 9, 9
A ORI Wt
WA > 1 ol o
e Wil : big (dey?)
iz “1‘ aqq (d2) : % s
| ' ! by L
bag 1:1,(),6g R eg (dxz, dyz) N N-e
iso ‘
: c('d )s LA (.)) by
g (dxz, dyz bag (dyy)
axial distortion
9 9.
v J¢ . &l = '} o
A | i |
( : ,!‘-’ 1*\4 |
__A{ 1
Al

Exbz-Exy xbzwxz’yz




local symmetry probe

differentiation between d* and d° configurations

[
= . .
e o S e
jlt” o) ::‘L'{:: gl ........ > Bz (dey) | ' ' dﬁlbz
I ! . S |
oot SR
TFT ST A B A
E—F:Lb, oy - -tu —H- a
3d1 (Ti3+) coupling with empty (virtual) d states 3d9 (N|+) g1

g, (negative g-shift)

coupling with occupied d states
(positive g-shift)




local symmetry probe

IS, M)
11,+1)

D 1, 0)

Ce0, matrix 2|J| 11,13

' X + 10, 0)

Q [*)
N\ A 7\
j ‘ Y
LN b/
& ¥

%'sh . AM, =12

g,=2.2079,g,=2.0403

) |Aj|=8.5mT, |[A | =1.35mT ﬂll!- o n!llla
Cu(1)-(0*)-Cu(ll) D =0.066 cm~, J=—52.5cm- 7
dey.c, =—0.081cm™?, D =0.147 cm™, &
Axial symmetry I

2 nearly equivalent Cu(ll) centers H, = h”z[_ JS,. S, +dAB(SA x SB)+ SAD(S)ABSB]
Antiferromagnetic coupling AB

Isotropic exchange Antisymmetric ex. Symmetric ex.
term term (D.-M.) term

J. Chem. Soc., Faraday Trans. I, 1992, 88, 615



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 gl
EFEPR
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Case study 1

LCAO analysis of g- and A- tensors
Cu(ll)-doped KZnCISO,x3H,0




local symmetry probe — case study

Cu(ll)-doped KZnCISO,x3H,0 g,x= 2.1535,g,, = 2.0331, g,, = 2.4247
(kainite structure) A /10%=(-)31cm™

A, /107=(+)63 cm™

A, /107 =(-)103 cm™

L) l L] l L] | L] l L]
260 280 300 320 340
B/ mT

J. Magn. Reson. 2010, 205, 293 JM"\_

Zn D, local point group symmetry



local symmetry probe — case study

For the D,y local point group symmetry of the For the A, ground state symmetry the principal g and A values are given by:
hosting site (Figure 11b) the copper 3d orbitals can

be mixed with 4s orbital and ligand-based L orbitals,

resulting in the following molecular orbitals 8. =8 —8aP .
responsible for the observed SH parameters:
— _2a2B2(a_\/§b)2L
‘P(Ag): oc(adxz_y2 +bd , + css)— a'L, a+b*+cl=1 8yy = 8 E_
. A
‘P(Ag): ocl(adZz —bd , ,+ css)— a,'L, 2. =8, 20(2[32(61 + \/§b)z =

yz
bz) 13a+\/—bAyy+13a \/_b
I 14 a—+3b 4 ar
(B, )=pd. -BL, i 2 ( A ) V3b 1 3a- \/_b ]
A =ao? 2A +P—oc K+Ag +—a -b*+2 b —A
¥ ¢ Sy T4 3a T4a %= 1a a+fb
lP(]33vg):[-}’dyz_B”LS -

\P(Blg):Bldxy —Bi'L, A :achA4S L P —OCZK'FAgZZ _;az(az _

1 3a++/3b
Ag, ———=A¢g
14 a— \/_b By

A, =0a’clA, +P|-a’k+Ag, +§oc (a —b2—2\/_ab) \1/;2
a

Input data

A =-829 cm™ is the SOC constant, P =0.036 cm™ and k = 0.43 is the Fermi contact parameter of the free Cu?*ion,
E; represents energy separation between A, ground state and the 3d levels (E,, =11 000 cm™ E,,=11 700 cm™, E,,= 13 100 cm™) g
whereas the a%c.2A,. term gives direct contribution of the 4s orbital to the isotropic hyperfine coupling. EFEPR



local symmetry probe — case study

Calculation results

a?=0.947, 0.2=0.93 and k =0.284
S:12=0.80, 2=0.80 and £ =0.67

|SOMO) = 0.96(0.97 | x2—2) + 0.03|22),

2.4 influence of the |x2—y2)/|22)

hybridization degree on the

2.3 g tensor values

gii

2.2+

2.1

2.0 T T T T T T L T LS
00 02 04 06 08 1.0
a2 coefficient




Case study 2

MgO supported superoxide radicals
H superhyperfine structure and extra lines




MgO superoxide surface species

g,y = 2.0091

A=0.21mT
9., =2.0770

lll A=013 mT

” experiment

A simulation
1.0 mT
E ~
ﬁ n(2p) G ~ e
gyy = ge + 2)"/E

= A=032mT ITI
0, =0+ 2M/A o 20018

a
N
©

~—

J. Chem. Phys. 2002, 116, 4266



160 and 170 isotopomeres of O,~

Isotopomers of O, for two equivalent 70 nuclei (/ = 5/2)

n
170160

Concentration (1-x)? 2x(1 - x)
Number of lines 1 6 11
Distribution of lines | | | | | | | | |
5/2 3/2 1/2 -1/2 -3/2 -5/2 5 | -5
4 -4
3 -3
2 -2

X — 170 enhancement level




160 and 170 isotopomeres of O,~

Isotopomers of O, Gyy =2.0091 1617

_ 1616 17-17
160,~---OH

g,, =2.0770

160.16Q 1

g, =2.0018 X

160-170 (Y0, x=28%)
170.16Q r"' T
170,----OH
(Y70, x = 63%)
160170 ———— ~
170.16Q I I I I |
170-170 . I I I I |

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



160170~ isotopomer

Isotopomer 00
g, =2.0770
extralines o °
—— experiment
+ gyy =2.0091
W - ~~ simulation
| 1] 1] ( 1 I
T [ ﬂ TA" =0.76 mTN
10.0 mT

\J

L'J AH=0.39 mT
8!]1

J. Chem. Phys. 2002, 116, 4266 gy, = 2.0016 B EFEPR



identification of extra features

J. Chem. Phys. 2002, 116, 4266 *

| A J | experiment
\ A/ r{@q ———
LA . ﬁ simulation

=38.3
28 8°
22.7

0=72.5°
0=51.6
0

2]

o

1
80 \
resonance field for m,= 3/2 ]
O 60
o ]
oB(9,0) B é’ 40
08 = ]
> 20T
0=28.8°; 6=0°; 0 +— : | . :
300 310 320 330 340 350 360 370 380

5 extra lines corresponding to additional extremes in B,(0,¢)for m;=3,5/2,2,3/2,1



extra lines — what for? | 9.,

using extra lines to pin down the °A,, value A |F 0.83 mT
) [
extra lines °A,, = 0.83 + 0.20 mT ‘———M—JJ‘K | ‘/'/Al
l 4mT
simulation A, = 0.73 mT _—

I(I+1)—m]](A” +HAZ A" 2(K2 — A2 (A% —K?
Blom) =" | 1—m kD ml]z( VAT AT mi (K AL (A% - K2)
wle sz/4 2sz
1 24 12 g A'2 .—8& A'2 )
K, =—1[-+mA )" A =2= xx A=A hy
Ay (82— 8)
gzzgxx (A'Z A‘Z ) gl

8x= EFEPR'
(g2 —g: A —K2) :



superhyperfine and hyperfine structure 1’0,7/H* on MgO

Zlk y
Z
Ozy A_
Oz X
X
- 0.39
- HA— 022 %, /mT
® mg> ‘ @ vg> "4y 0.13

C,, — 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




accounting for the H-shf

distal dipole approximation

Ap = HA|| - 850 = gelpGunu(3cos?p -1)/r?

r=0.36 nm
Feac.=0.38 nm

j\_ 1H....160,-

]
rotation formula of Hoffman (J.Mag.Res. 1984)

wy (A=A A sin " wy (A sin B "
v 1-2sin> 3 “ 1-2sin> B

H 42 H,2 12
A2 -y J

ﬂ = aI‘CSiIl[ HA; A HA: _2HA5

B=39°HA, =3.2 MHz,"A, = -1.98 MHz




