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The	 reactivity	 and	 structural	 properties	 of	 transition	 metals	 and	 their	 compounds	
depend	 on	 the	 electronic	 configuration	 of	 the	 d	 orbitals,	 specifically	 the	 valence	 d	
orbitals.	 First-row	 transition	 metals	 are	 generally	 more	 prone	 to	 single-electron	
chemistry	 than	 second-	 or	 third-row	 transition	 metals.	 This	 study	 presents	 a	
computational	investigation	of	group	10	transition	metals,	focusing	on	their	potential	
energy	 surfaces	 and	 specific	 electronic	 properties.	 Theoretical	 X-ray	 emission	
spectroscopy	was	employed	to	analyze	potential	electronic	transitions	from	valence-dxy	
orbitals	 to	 the	 1s	 orbitals	 of	 the	 metal	 centers.	 Our	 findings	 suggest	 that	 the	 spin	
polarization	of	3d	orbitals	in	first-row	transition	metals	may	play	a	crucial	role	in	their	
single-electron	reactivity,	offering	a	potential	explanation	for	the	observed	differences	
in	reactivity	between	3d,	4d,	and	5d	elements.	This	study	represents	a	first	step	towards	
a	generalized	description	of	valence	electron	spin	polarizability,	 including	elemental	
parametrization.	
	
Introduction	
The	 reactivity	 and	 structural	 properties	 of	 transition	 metals	 and	 their	 compounds	 depend,	
among	other	factors,	on	the	electronic	configuration	of	the	d	orbitals,	specifically	the	valence	d	
orbitals.	 Interestingly,	 first-row	transition	metals	are	observed	to	be	generally	more	prone	to	
single	 electron	 chemistry	 than	 second	 or	 third-row	 transition	 metals.	 [1-4]	 More	 data	 in	
alignment	of	this	observation	was	recently	brought	by	a	series	of	findings	from	the	Ritter	group	
(Fig.	1):	[5,	6]	an	organometallic	group-10	valence-d8	complex	was	fluoro-oxidized	to	perform	a	
reductive	 elimination,	 yielding	 a	 fluoroarene.	 Interestingly,	 the	 group	 found	out	 that	 the	Ni	
complex	 reacts	 via	 reactive	 intermediate	 with	 a	 3d7	 shell	 occupation	 including	 an	 unpaired	
electron,	 [7]	 and	 the	 Pd	 complex	 via	 4d6	 closed-shell	 intermediate,	 performing	 2-electron	
chemistry.	[8]	
	
Spin	Polarization	is	normally	defined	as	P	=	(T+	−	T−)	/	(T+	+	T−)	,	with	T±	as	the	amplitude	of	
the	incident	and	outgoing	wave	amplitudes,	which	are	scalar	coefficients.	[9]	It	is	the	degree	to	
which	spin	is	aligned	with	a	given	direction.	[10]	Alignment	of	spin	with	an	external	magnetic	
field	 is	 the	basis	 of	NMR	and	EPR	 spectroscopy.	 [11]	However,	 spin	polarization	 can	 also	be	
observed	 as	 an	 intra-structural	 phenomenon.	 [12]	 In	molecular	 systems	with	more	 than	one	
unpaired	 electron,	 a	 dynamic	 spin	 polarization	 is	 observed,	 depending	 on	 the	 relative	 spin	
orientation	of	the	unpaired	electrons.	[13]	The	presence	of	unpaired	spin	in	molecules	can	induce	
tunable	 spin	 polarization	 and	 also	 affect	 bond	 orders	 in	 radicals.	 	 [14,	 15]	 Jørgensen’s	
parametrization	of	spin	pairing	energy	helped	facilitating	computation	of	spin	states,	especially	
for	 the	 transition	 metals	 and	 lanthanides.	 [16-18]	 More	 recent	 publications	 discuss	 the	
improvement	of	computations	for	open-shell	systems,	including	the	evaluation	of	spin	density	
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distributions	and	spin	polarization	effects.	[19-22]	Spin	polarization	in	chiral	molecules	has	also	
been	explored	[23,	24]	and	the	field	of	spintronics,	concerning	spin-charge	coupling	in	metallic	
systems,	is	long	described.	[25-28]	
	
X-ray	spectroscopy	is	a	fundamental	experimental	tool	to	gain	insight	into	the	geometric	and	
electronic	structure	of	inorganic	systems.	[29]	X-ray	emission	spectroscopy	(XES)	is	an	element-
specific	method	for	studying	the	electronic	structure	of	materials	and	was	originally	developed	
in	1882	by	Henry	Rowland	for	the	optical	wavelength	range,	using	spherical	concave	gratings	to	
focus	light.	[30,	31]	In	XES,	the	emission	of	photons	is	followed	by	the	decay	of	electrons	after	
the	ionization	of	the	1s	electron	of	the	metal.	[29]	Valence-to-core	X-ray	emission	spectroscopy	
(V2C	XES)	is	a	type	of	XES	that	measures	the	energy	of	emitted	photons	following	the	decay	of	
valence	 electrons	with	 a	 spectral	 resolution	 sufficient	 to	 analyze	 the	 impact	of	 the	 chemical	
environment	on	the	photon	emission.	[32-34]	Dependence	of	V2C	XES	energies	on	the	spin	of	
the	ionized	1s	electrons	in	open-shell	complexes	is	an	open	field	of	investigation.	[35]	
	
Levels	of	Theory	
All	computations	were	performed	with	the	ORCA	program	package.	[36,	37]	Geometries	were	
optimized	 at	 (PBE0-D3/def2-TZVP)	 level.	 [38-44]	 Single	 point	 energies	 were	 calculated	 at	
(CPCM(MeCN)	DLPNO-CCSD(T)/DKH2/SARC-DKH-TZVPP[Pd+Pt]/DKH-def2-TZVPP)	 level.	 [39,	
45-60]	 X-ray	 emission	 spectra	 were	 generated	 at	 (PBE0-D3/DKH2/SARC-DKH-
TZVP[Pd+Pt]/DKH-def2-TZVP)	 level.	 [38-44,	 50-59]	 The	 Avogadro	 program	 was	 used	 for	
generation	of	starting	geometries	as	well	as	analysis	and	visualization	of	computation	results.	
[61]	 Further	 details	 on	 the	 computations,	 including	 coordinates	 of	 all	 geometries	 and	 single	
point	energies,	can	be	found	in	the	Supporting	Information.	
	
Equilibrium	constants	Keq	were	calculated	from	the	equilibrium	energies	at	T	=	293.15	K:	
	
	 𝐾!" = exp&∆𝐺!" −𝑅𝑇⁄ -	 (1)	

	
Results	
A	model	reaction	system	was	set	up,	as	shown	in	Fig.	1,	that	was	optimized	for	computation,	
while	still	in	close	alignment	with	the	systems	used	in	practice	by	Ritter	et	al.	[5-8]	The	present	
investigation	focused	on	the	potential	energy	surface	(PES)	and	specific	electronic	properties	of	
the	molecules,	namely	potential	electronic	transitions	from	valence-dxy	orbitals	to	the	1s	orbitals	
of	the	metal	centers,	by	theoretical	X-ray	emission	spectroscopy	(XES).	
	
Starting	with	the	partial	analysis	of	the	potential	energy	surface	(PES)	of	the	active	intermediates	
including	 the	consecutive	C–F	 reductive	eliminations	of	all	Group	 10	analogs	of	 the	 reaction	
depicted	in	Fig.	1,	the	center	of	consideration	is	the	equilibrium	of	the	active	intermediates	in	
the	center	of	the	equations.	The	calculated	Gibbs	Free	Energies	of	the	equilibrium	reaction,	as	
well	as	the	activation	barriers	and	the	Gibbs	Free	Energies	of	the	reductive	eliminations	from	
the	active	intermediates	of	both	oxidation	states,	III	and	IV,	as	shown	in	Fig.	1,	for	all	three	Group	
10	elements;	Nickel,	Palladium,	and	Platinum;	are	depicted	in	Fig.	2c	and	written	out	in	Tab.	1,	
together	with	the	equilibrium	constants	Keq.		
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For	 the	 calculation	 of	 the	 XES	 energies	 of	 the	 [valence]dxy	 ®	 1s	 transition	 in	 the	 active	
intermediates,	the	corresponding	orbitals	were	determined	based	on	Loewdin	Reduced	Orbital	
Population	per	MO	analysis.	The	visualizations	of	the	dxy	orbitals	with	iso	values	of	0.2	and	0.1	
can	be	found	in	the	Supporting	Information.	
	
Discussion	
First	and	foremost,	based	on	the	calculations,	all	considered	reaction	paths	are	interpretable	as	
feasible	in	principle,	within	the	reported	reaction	conditions.	For	the	central	equilibrium,	the	
closed-shell	oxidation	state	IV	is	preferred	for	Pd	and	Pt,	whereas	the	open-shell	oxidation	state	
III	 is	 preferred	 for	 Ni.	 Hence,	 the	 calculations	 are	 in	 alignment	 with	 the	 experimental	
observations.		The	comparison	of	the	activation	barriers	of	the	reductive	eliminations	supports	
these	findings	further,	as	only	for	Ni	the	barrier	of	the	reductive	elimination	from	[M(III)–F]	is	
lower	 than	 the	 barrier	 of	 the	 reductive	 elimination	 from	 [M(IV)–F],	 taken	 into	 account	 the	
equilibrium	distribution.		
	
Although	the	reductive	elimination	from	[M(III)–F]	itself	is	(at	least	for	the	model	system)	an	
endothermal	reaction,	the	[M(I)–MeCN]	product	of	the	reductive	elimination	from	[M(III)–F]	
will	react	further,	as	reported.	The	reaction	is	thus	pulled	towards	the	endothermal	product	of	
the	reductive	elimination,	making	a	utilization	of	the	Ni	complex	as	a	catalyst	impossible.	For	
Pd	and	Pt,	a	different	observation	can	be	made:	As	shown	experimentally	at	 least	 for	 the	Pd	
complex,	they	can	be	used	catalytically,	which	is	supported	by	the	findings	that	the	reductive	
elimination	from	[M(IV)–F]	is	generally	an	exothermal	reaction.	The	resulting	[M(II)–MeCN]	
complex	proves	to	be	stable	enough	for	re-activation	through	substrate	addition	and	oxidation	
to	the	active	intermediate	[M(IV)–F].	The	high	activation	barriers	of	the	reactions	with	the	Pt	
complexes	give	a	potential	explanation	for	the	fact	that	the	reaction	was	so	far	only	reported	
with	Ni	and	Pd	as	active	centers.	
	
Probably	the	most	interesting	finding	presented	herein	is	the	energy	difference	of	the	alpha	and	
beta	transitions,	reported	in	Table	2:	the	surprisingly	strong	spin	polarization	of	the	[Ni(III)–F]	
complex	 offers	 a	 potential	 explanation	 for	 the	 preferred	 reaction	 path,	 and	more	 general,	 a	
potential	explanation	for	the	fact	that	3d	elements	are	more	prone	to	single-electron	chemistry	
than	the	4d	and	5d	elements.	Assuming	that	the	spin-polarization	of	the	1s	orbital	is	neglectable,	
due	to	its	extreme	proximity	to	the	core,	the	difference	in	alpha	and	beta	transition	can	be	almost	
completely	attributed	to	the	spin	polarization	of	the	3dxy	orbital.	In	Pd	and	Pt,	only	very	weak	
spin	polarization	can	be	observed,	whereas	in	Ni,	observable	spin	polarization	is	substantially.	
	
This	“flexibility”	of	the	3d	orbitals	over	the	4d	and	5d	orbitals	has	the	potential	to	explain	the	
general	 stabilization	of	 the	open-shell	 complexes	 that	are	a	necessary	part	 in	 single-electron	
reactions:	 the	 energy	 of	 the	 unpaired	 electron	 is	 buffered	 further	 by	 the	 stronger	 spin	
polarization	it	exerts.	A	potential	reason	for	these	differences	in	flexibility	can	be	the	fact	that	
the	3d	orbitals	are	the	innermost	d	orbitals.	For	4d	and	5d	occupation,	at	least	one	inner	d	shell	
is	fully	occupied,	potentially	adding	rigidity	to	the	valence	d	orbitals.	
	
The	considered	reaction	path	shown	in	Fig.	1	is	a	plausible,	but	not	necessarily	the	most	probable	
reaction	route.	For	the	Pd	system,	Ritter	et	al.	reported	a	slightly	different	ligand	positioning	in	
the	mechanistic	analysis,	and	for	the	Ni	system,	the	specific	system	considered	here	was	never	
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reported.	 However,	 for	 the	 purpose	 of	 comparability,	 we	 decided	 to	 focus	 on	 this	 specific	
reaction	path.	A	full	PES	analysis	was	not	conducted.	
	
The	XES	transitions	reported	in	Tab.	2	have	an	extremely	low	intensity.	Most	likely,	they	will	not	
be	observable	experimentally.	A	major	challenge	for	future	investigations,	potentially	validating	
the	computed	data	experimentally,	is	the	design	of	a	system	with	the	relevant	transitions	in	a	
detectable	intensity	range.	
	
Conclusion	
In	 conclusion,	 this	 computational	 study	 on	 group	 10	 transition	 metals	 has	 given	 a	 feasible	
explanation	for	the	reaction	patterns	experimentally	observed	by	the	Ritter	group,	and	provided	
preliminary	 insights	 into	 the	 single-electron	 reactivity	of	 first-row	 transition	metals.	 Further	
research	is	needed	to	determine	if	the	finding	described	above	is	exclusive	to	group	10	elements,	
maybe	even	to	the	model	system	analyzed	herein,	or	if	it	turns	out	to	be	a	general	trend	among	
the	transition	metals.		
	
A	more	comprehensive	investigation	into	the	spin	polarization	of	late	transition	metals	at	high	
levels	of	theory	is	necessary	to	better	understand	the	general	character	of	the	findings	described	
in	this	study.	A	first	attempt	to	map	and	parametrize	the	spin	polarization	for	all	late	transition	
metals	on	Hartree-Fock	level	of	theory	can	be	found	in	the	Supporting	Information.	However,	
due	to	the	poor	level	of	theory,	including	the	possibility	of	just	calculating	spin	contamination,	
confidence	 in	 the	parameters	 is	extremely	 low.	The	purpose	of	 the	analysis	appended	 in	 the	
Supporting	 Information	 is	 to	 deliver	 a	 starting	 point	 for	 the	 investigation	 into	 the	 general	
character	of	the	findings	described	herein.	
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Fig.	1:	Reaction	system	under	consideration	with	M	=	Ni,	Pd,	Pt.	The	bonds	involved	in	the	
reductive	elimination	reaction	are	highlighted.	
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Fig.	 2:	 a:	 Reductive	 elimination	 reaction	 under	 consideration	 with	 the	 active	 intermediates	
reported	by	Ritter	et	al.;	b:	Representative	structure	of	[NiIII–F]	active	intermediate;	c:	Results	
of	the	potential	energy	surface	analysis	of	the	reaction	system	shown	in	Fig.	1.	
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Table	1:	Key	Gibbs	Free	Energies	and	activation	barriers	of	the	reaction	system	shown	in	Fig.	1,	
as	depicted	in	Fig.	2c,	and	equilibrium	constants	Keq	of	the	central	equilibrium:	

Reaction	
Ni		

[kJ/mol]	
Pd	

[kJ/mol]	
Pt		

[kJ/mol]	
DGeq	 167.2	 –	43.4	 –	109.4	
Keq	 1.62	·	10–30	 5.41	·	107	 3.11	·	1019	

DG‡	[M(III)–F]	 109.2	 114.5	 145.4	
DGRed.El.	[M(III)–F]	 75.0	 25.8	 131.2	
DG‡	[M(IV)–F]	 118.2	 51.4	 165.9	

DGRed.El.	[M(IV)–F]	 –	181.7	 –	157.6	 –	53.4	
	
	
Table	2:	Calculated	XES	energies	of	the	[valence]dxy	®	1s	transition,	with	orbital	determinations	
based	on	Loewdin	Reduced	Orbital	Population	per	MO	analysis	for	the	active	intermediates,	with	
the	energy	difference	between	alpha	and	beta	spin	for	the	open-shell	[MIII–F]	system.	

ndxy	®	1s		 E[MIII–F]	[eV]	 E[MIV–F]	[eV]	
a/b	M	=	 a	 b	 DE	(b	–	a)	

Ni	(n	=	3)	 8246.544	 8247.28	 0.736	 8247.068	
Pd	(n	=	4)	 24199.046	 24199.082	 0.036	 24199.299	
Pt	(n	=	5)	 78092.715	 78092.736	 0.021	 78093.258	

	
	


