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Reminders: unique research opportunities

 

(no other spectroscopic technique for S and Cl)

facilities

 

(beamlines, instrumentation, sample prep. expertise)

semi-empirical theory

 

(effective nuclear charge, transition dipole, covalency



On a gloomy and snowy November afternoon …



On a gloomy and snowy November afternoon …



Nitrosated
 

β-subunit of human hemoglobin

N.-L.CHAN,P.H.ROGERS,A.ARNONE                                
1.9 Å CRYSTAL STRUCTURE OF THE S-NITROSO FORM OF LIGANDED HUMAN HEMOGLOBIN
BIOCHEMISTRY, 1998, 37, 16459

βCys93



RSNO compounds (CCDB)



RSNO compounds: geometric structure



RSNO compounds: electronic structure

S-N double (π) bond

S-N single (σ) bond

S-C single (σ) bond

large sulfur
contribution

Biochemical and Biophysical 
Research Communications, 
2005, 330(1), 60-64 



S K-edge XAS of S-nitrosated glutathione (GSNO)
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S K-edge XAS of S-nitrosated glutathione (GSNO)

ON-S σ*
S-C σ*

ON-S π*
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S K-edge XAS of SNO compounds
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S K-edge XAS of S compounds
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S K-edge XAS of S compounds
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S K-edge XAS of S compounds
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S K-edge XAS as detection method for SNO
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Multi-edge XAS

Conceptually NOT an original idea!

Conscious exploitation of complementary ground state electronic
structure information from multiple absorbers

Molecular Orbital Theory:

Experimentally probing the excitation of an absorber core electron (1s for K) 
to a unoccupied/virtual molecular orbital with some absorber contribution.

Donor orbital:   S 1s (localized on S, in MO picture as s.a.l.c.)

Acceptor orbital:   ϕ* = Σ

 

ci

 

φi

for a ‘simple’

 

M-S

 

bond:   ϕ* = cM,d

 

φM

 

(nd) + cM,s

 

φM

 

(n+1 s) + cM,p

 

φM

 

(n+1 p)

̶ cS,s

 

φS

 

(3s) + cS,p

 

φS

 

(3p) + cS,d

 

φS

 

(3d)



Multi-edge XAS
for a ‘simple’

 

M-S bond:

ϕ* = cM,d

 

φM

 

(nd) + cM,s

 

φM

 

(n+1 s) + cM,p

 

φM

 

(n+1 p) ̶ cS,s

 

φS

 

(3s) + cS,p

 

φS

 

(3p) + cS,d

 

φS

 

(3d)

metal contribution/character ligand character/covalency

for intense spectral features in absorption spectroscopy –

 

Δl = 1

M 2p M 1s L 2pL 1s

metal L-edge XAS metal K-edge XAS ligand K-edge L-edge

SSRL BL10-1/8-2 BL7-3/9-3/4-1/4-3 BL6-2/4-3 BL10-1/8-2

SSRL BL10-1 SSRL BL7-3 SSRL BL4-3



Multi-edge XAS
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Cl
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LUMO

Multi-edge XAS: A non-biological, but simple example

Inorganica Chimica Acta, 
2008, 361(4), 1047-1058 
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Multi-edge XAS: A non-biological, but simple example



Phosphorous 3p character of the palladium-phosphorous bonds 
is determined from phosphorous K-edge XAS

Multi-edge XAS: phosphorous K-edge



Chlorine 3p character of the palladium-chlorine bonds 
is determined from chlorine K-edge XAS

Multi-edge XAS: chlorine K-edge



Metal 4d character of the palladium-ligand bonds is determined 
from palladium L-edge XAS (only LIII

 

edge is shown)

Multi-edge XAS: palladium L-edge



Multi-edge XANES:     chloropalladium(II/IV)

K2

 

PdIICl4 K2

 

PdIVCl6
closed shell d8 closed shell d6
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Chlorine K-edge XANES: Cu(II) is the hydrogen atom
of inorganic chemistry

(Solomon)



Multi-edge XANES: Cl Pd(II) is the hydrogen atom
of organometallic chemistry

Inorganica Chimica Acta, 2008, 361(4), 1047-1058 



Multi-edge XANES: Pd

Inorganica Chimica Acta, 2008, 361(4), 1047-1058 
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d,l
ligands ligands orbitals

o,lo,ld,ld,l
ligands

Md,l
2 ||cc||c)1(I

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
>φφ<α−>φφ<α−∝ ∑ ∑ ∑∑ rr

Experimental M-L covalency

LM
2

a  )1( φα−φα−=Ψacceptor orbital ∑ ∑ φ=φ
ligands orbitals

o,lo,lL c

d,l
ligands

d,ld c φ=Ψ ∑donor orbital (donor is 1s for K-edge excitations)

electric dipole allowed transition/Fermi golden rule: 2
da ||I >ΨΨ<∝ r

ligand core/metal overlap ≈

 

0 ligand core/ligand core overlap ≈

 

0

>ΨΨ<α−>ΨΨ< ∑ )(Rad||)(Rad
3
1cc|| s1,lnp,l

ligands
np,ls1,lda rrfor 1s → np excitation

< R
 

> dipole integral

><α=>ΨΨ<= − R22
)s1(L)p3(LM 3

1||I r

JACS, 1992, 112(4), 1643-1645



Multi-edge XANES:     chloropalladium(II/IV)

using I(Cl-t ) = 21.0 eV → ~50% Cl covalency in both [PdIICl4 ]2-

and [PdIVCl6 ]2-

from complementarity this corresponds to ~50% Pd covalency in
each molecular orbital probed by XAS

from area under pre-edge features at Pd L-edges we get 
I(PdII) = 20.8 (SSRL) 16.9 (ALS) eV
I(PdIV) = 14.1 (SSRL) 11.9 (ALS) eV

to test the transferability we used I(PdII) to determine the covalency of 
Pd-Cl bonds in PdCl2 to be ~50% with a new transition dipole integral 
for I(Cl-b )16.4 (SSRL) 14.5 (ALS)

Pd-Cl bond in organometallic chemistry 
is the

Fe-S bond in coordination chemistry



Multi-edge XANES:     non-innocent ligands

C

A) Crystal structure of [Ph2

 

BPtBu
2

 

]CuII(NTol2

 

)
B) Structural overlay of reduced and oxidized forms
C) Ligand based redox chemistry

2+

̶̶

-

-

JACS, 2009, 131(11), 3878-3881 



Multi-edge XANES:     non-innocent ligands
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Multi-edge XANES:     non-innocent ligands
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Multi-edge XANES:     non-innocent ligands
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Multi-edge XANES:    quantitative treatment

What is the Cu contribution 
to the redox active orbital?

What is the % Cu character
the blue vs. green areas
correspond to?



Multi-edge XANES:    quantitative treatment
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Multi-edge XANES:    quantitative treatment
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Multi-edge XANES:    quantitative treatment
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Calculated spin densities for [Ph2

 

BPtBu
2

 

]CuII(NTol2
 

)

(p-tol)2

 

: 20%

BPh2

 

: 2%

PtBuPh2

 

: 15%

N: 49%

Cu: 13%

JACS, 2009, 131(11), 3878-3881 



galactose oxidase

1GOG
fungus Dactylium dendroides
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galactose oxidase

His581

His496

Tyr495

Tyr272
Cu

water

Cu2+/•O(Tyr-Cys)

Cu2+/O(Tyr-Cys)

Cu+/O(Tyr-Cys)

400 mV

150 mV

Cys228

State-of-the-Art S K-edge Data



galactose oxidase

His581

His496

Tyr495

Tyr272
Cu

water

Cys228

State-of-the-Art S K-edge Data GO samples:
93% Cu-loaded

150 μL
0.633 mM

In phosphate 
buffer

w/2M urea, pH=7
50-fold excess of 

K3 Fe(CN)6
37±3% oxidation

BL6-2 only!
LHe cryojet only!

19 absorbers:
13 Met 4 Cys-Cys
thioether crosslink

JACS, 2010, submitted



State-of-the-Art S K-edge Data
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State-of-the-Art S K-edge Data
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State-of-the-Art S K-edge Data

Experimental area D0

 

= 0.016 eV for Nabs

 

= 19 and nholes

 

= 1.

S character (α2) is defined by the transition dipole expression

3p)  1s I(S 3p) (S
N

n 
3
1D 2

absorber

holes
0 →= α

I(S 1s→3p)
 
for sulfide

 
(formally Z=-2)

 
6.54 eV

for thiolate
 
(formally Z=-1)

 
8.47 eV

for thioether
 

(formally Z=0)
 

10.4   eV

and with corrections for partial Cu loading and Tyr-Cys oxidation:

S character (α2) from XAS for oxidized holo GO is 24±11%
 (calc.: 22±2%)

from EPR for oxidized apo GO is 20±3%
 (calc: 15±1%)JACS, 2010, submitted
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