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CHAPTER	TWO:	Theory	and	Computational	Details	

	
	

All	 the	 calculations	 were	 performed	 with	 the	 Amsterdam	 Density	 Functional	

(ADF)	program	[40]	using	dispersion-corrected	relativistic	density	functional	theory	at	

the	ZORA-BLYP-D3(BJ)/TZ2P	level	for	geometry	optimizations	and	energies.		

Grimme’s	third	generation	DFT-D3	(BJ)	method	has	been	applied	[41–43]	to	all	

calculations.	In	this	approach,	the	density	functional	is	augmented	with	an	empirical	term	

correcting	 for	 long-range	 dispersion	 effects,	 added	 to	 the	 usual	 DFT	 energy.	 Scalar	

relativistic	 effects	 are	 accounted	 for	 using	 the	 zeroth	 order	 regular	 approximation	

(ZORA)	[44,45].	No	counterpoise	correction	was	applied	to	DFT-D3	formation	energies	

because	the	small	BSSE	effects	were	shown	to	be	absorbed	by	the	dispersion	potential	

[11,46].		

The	numerical	integration	is	performed	using	the	procedure	developed	by	Becke	

[47].	The	molecular	orbitals	(MOs)	are	expanded	in	a	large	uncontracted	set	of	Slater-

type	orbitals	(STOs),	with	no	use	of	Gaussian	functions.	

No	 geometrical	 constraints	 have	 been	 imposed	 on	 the	 quadruplexes	 without	

backbone	(129	atoms)	and	the	quadruplexes	with	sugar-phosphate	backbone	(265	and	

273	atoms),	nor	on	the	guanine	monomers	and	guanosine	dimers.	RNA-GQ	models	all	

have	C2	symmetry.	Our	quadruplex	structures	are	all	parallel-stranded	right-handed	G-

quadruplex	 with	 anti-glycosidic	 torsion	 angles	 at	 all	 guanines.	 The	 starting	 point	 for	

every	 structure	was	 taken	 from	 the	 central	 G4-G4	 layers	 of	 a	 structure	 from	 the	 PDB	

database	with	PDB	ID:	139D	[48].	

	 Solvent	effects	in	water	have	been	estimated	using	the	conductor-like	screening	

model	(COSMO),	as	implemented	in	the	ADF	program	[49–52].		Radii	of	cations	are	shown	
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in	Table	2.1	and	have	been	computed	according	to	the	procedure	presented	in	Ref	[52],	

that	is	the	radii	are	adapted	such	that	they	reproduce	the	experimental	solvation	energy.		

	

Table	2.1.	Solvation	energies	and	radii	of	metal	cations	for	COSMO	computations.	

	 Experimentala	∆𝐺#$%	 	
Ionic	Radii	Parameter	

in	COSMOb	
Computed	solvation	

energy	
Li+	 -113.4	 1.4424	 -113.4	
Na+	 -87.2	 1.8685	 		-87.4	
K+	 -70.5	 2.3350	 		-69.8	
Rb+	 -65.7	 2.4800	 		-65.7	
Cs+	 -59.7	 2.7225	 		-59.7	

a	Y.	Marcus	[53]	

b	The	solvation	radii	parameter	in	COSMO	was	adjusted	in	order	to	reproduce	the	experimental	∆𝐺#$%	 	for	
the	ZORA-BLYP-D3(BJ)/TZ2P	level	of	theory.	

	
	

The	 interaction	 energy	 as	 computed	 between	 all	 quadruplex	models	 and	 their	

relevant	cations	is	examined	in	the	framework	of	the	Kohn-Sham	molecular	orbital	model	

using	 a	 quantitative	 energy	 decomposition	 analysis	 (EDA)	 which	 divides	 the	 total	

interaction	(Δ𝐸)*+)	into	electrostatic	interaction,	Pauli	repulsion,	orbital	interaction,	and	

dispersion	terms	[54]:	

	

	 Δ𝐸)*+ = Δ𝑉./0+1+ + Δ𝐸314/) + Δ𝐸5) + Δ𝐸%)06 	 	 	 (2.1)		

	

The	term	Δ𝑉./0+1+ 	corresponds	to	the	classical	electrostatic	interactions	between	the	

unperturbed	charge	distributions	of	 the	prepared	 (i.e.	deformed)	bases	and	 is	usually	

attractive.	The	Pauli	repulsion	Δ𝐸314/)	comprises	the	destabilizing	interactions	between	

the	occupied	orbitals	and	is	responsible	for	any	steric	repulsion.	The	orbital	interaction	

Δ𝐸5)	accounts	for	the	charge	transfer	(i.e.,	donor–acceptor	interactions	between	occupied	
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orbitals	on	one	moiety	and	unoccupied	orbitals	on	the	other,	including	the	HOMO-LUMO	

interactions)	and	polarization	(empty-occupied	orbital	mixing	on	one	 fragment	due	to	

the	presence	of	another	fragment).	The	Δ𝐸%)06	accounts	for	the	dispersion	corrections.	
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