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Appendix
A. Superposition state of an asymmetric double-well system in vacuum






Let us consider an asymmetric double-well system with two local minimum states and  for the wells 0 and 1, respectively, in vacuum (Figure S2 (a)). For an unperturbed system, we define the Hamiltonian operator as . The eigenstates are  and  with respect to the atomic orbitals and their eigenvalues are E0 and E1. The approximate solution , corresponding to the molecular orbital, of the double-well system satisfies the Schrödinger equation

		(1)








where ,  is the external perturbed Hamiltonian operator and E is the eigenvalue. In order to solve the mixing coefficients  and , we multiply both sides of Eq. (1) with  and , and integrate the coordinate from  to . Then, we can obtain

	,	(2)






where ,  and . Equations (2) are a set of secular equation with two variables (and). The coefficients are  
Based on an asymmetric double-well system with two distinct E0 and E1 (Figures S1 (a)), Eq.(2) can be rewritten as

	.

Typically, , the determinant of the 2 x 2 matrix is vanished, and the eigenenergies are 

	,
where E- and E+ are the energies for the ground state and the excited state, respectively (Figure S2 (b)).
The ratios of population at the ground state and at the excited state are

	






where  and . Then, the excited state and the ground state are and , respectively, where  and . 



Furthermore, let us apply this double-well system to the H-bond, i.e. N-H … O, in vacuum, and adopt the atomic orbitals from N and O atoms as . Initially, the proton is located at the  state close to the N-atom. We here define the initial state at t = 0 as . The time evolution of the state follows 

	(3)
where

						(4)
and

							(5)

are complex amplitudes and satisfy the relationship . This proves the superposition state of qubit.

B. Superposition state of an asymmetric double-well in solution: spin-boson model
Let us consider a simplified double-well system embedded in solution by using the spin-boson model in which the spin part denotes the H-bond system and the bosonic part mimics the solvent degrees of freedom. The total Hamiltonian operator of this model is then given by


and 





















where the sum is based on the bosonic modes. Here, the parameter  denotes the energy difference between the ground-state energies of the states localized in the two wells without tunneling, and  indicates the matrix for tunneling between the two wells (Figure S2 (c)). The  are Pauli operators while  are the creation and annihilation operators acting on the  bosonic mode of the heat bath and they obey the relationship . The  is the coupling strength between the  bosonic mode and the wells. The dynamics of  depends on the ratio of . The eigenvalue of  is . Here,  and  denote the ground states in the separated right and left isolated local minimum, respectively. Note that  indicates the ground bosonic states in well 0 and 1. To estimate the degree of population for each atomic eigenfunction  and  in the molecular eigenfunction , we adopt the ratio , which satisfies the population in the ground state and the excited state as

	 . 












Then, the excited state is and the ground state is , where and  or . By applying the spin system to the H-bond N-H … O in solution, the atomic orbitals of the N and O atoms are denoted as. Initially, the proton is located close to the N-atom. We here define the initial state as  at t = 0 and solve the Schrödinger equation of the time evolution of state , where ‘S’ means Schrödinger picture and ‘I’ indicates the interaction picture. By using the exponential of Pauli matrix identity, where= identity 2 x 2 matrix, we obtain 


and



where . Then, we have the superposition state

									 (6)

where we use , and
	 

 (7)

(8)

 

 

	

 





In the weak coupling limit by taking , the equations (7) and (8) are with respect to the equations (4) and (5), while setting . Here,  and  are complex numbers and are temperature dependent. satisfies the superposition state of qubit. 


Table S1: Structures of the nucleotide base pairs and the definition of the H-bonds and states.
	nucleotide
	structure
	H-bond
	state

	DNA
	AT 
[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Structure\old\DNA_AT_02.tif]
	

	DDAT

	
	
	

	DAAT

	
	
	

	ADAT

	
	
	

	AAAT

	
	DNA-CG 
[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Structure\old\DNA_CG_02.tif]
RNA-CG 
[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Structure\old\RNA_CG_02.tif]
	

	DDDDNA-CG
DDDRNA-CG

	
	
	

	DDADNA-CG 
DDARNA-CG

	
	
	

	DADDNA-CG 
DADRNA-CG

	
	
	

	DAADNA-CG 
DAARNA-CG

	RNA
	
	

	ADDDNA-CG 
ADDRNA-CG

	
	
	

	ADADNA-CG 
ADARNA-CG

	
	
	

	AADDNA-CG 
AADRNA-CG

	
	
	

	AAADNA-CG 
AAARNA-CG

	
	AU
[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Structure\old\RNA_AU_02.tif]
	

	DDAU

	
	
	

	DAAU

	
	
	

	ADAU

	
	
	

	AAAU

	
	GU
[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Structure\old\RNA_GU_02.tif]
	

	DDGU

	
	
	

	DAGU

	
	
	

	ADGU

	
	
	

	AAGU




Table S2: Energy barrier for proton transfer in the nucleotide base pairs.
	
	state
	vacuum (kcal/mol)
	solution (kcal/mol)

	base pair
	initial
	final
	∆GD
	∆GA
	∆GD
	∆GA

	DNA

	A＝T
	DDAT
	ADAT
	37.15
	1.35
	34.47
	4.26

	
	
	DAAT
	18.22
	4.26
	16.95
	7.17

	C ≡ G
	
DDDDNA-CG
	ADDDNA-CG
	23.91
	2.25
	26.64
	2.47

	
	
	DAD DNA-CG
	28.03
	4.76
	20.51
	10.17

	
	
	DDA DNA-CG
	33.42
	1.59
	29.45
	4.76

	RNA

	A＝U
	DDAU
	ADAU
	36.62
	1.72
	35.02
	4.23

	
	
	DAAU
	20.14
	4.55
	17.96
	8.41

	C ≡ G
	
DDDRNA-CG
	ADDRNA-CG
	26.61
	1.72
	28.44
	2.96

	
	
	DADRNA-CG
	24.82
	4.63
	20.43
	9.82

	
	
	DDARNA-CG
	34.24
	1.42
	30.22
	5.15

	G＝U
	DDGU
	ADGU
	unstable
	unstable
	25.68
	1.20

	
	
	DAGU
	24.28
	5.36
	24.20
	5.35








Table S3: Truth table of the DNA-CG nucleotide base pair with the phosphate group charge (-1, -1) in the three spin states.
	spin state

	
	singlet
	triplet
	quintet

	
	
	α 

()
	
β ()
	


	α 

()
	
β ()
	



	state
	In
	out
	
	out
	
	out

	
	x
	y
	z
	
 
	
	
	

	
	
	


	DDADNA-CG
	0
	0
	0
	0
	0
	0
	0
	0
	≠0
	1

	DDDDNA-CG
	0
	0
	1
	1
	≠0
	0
	≠0
	0
	≠0
	1

	DAADNA-CG
	0
	1
	0
	0
	0
	0
	0
	0
	0
	0

	DADDNA-CG
	0
	1
	1
	1
	0
	0
	0
	0
	≠0
	1

	ADDDNA-CG
	1
	0
	0
	0
	0
	≠0
	≠0
	0
	0
	0

	ADADNA-CG
	1
	0
	1
	1
	0
	≠0
	≠0
	≠0
	≠0
	1

	AADDNA-CG
	1
	1
	0
	1
	0
	≠0
	≠0
	0
	0
	0

	AAADNA-CG
	1
	1
	1
	0
	0
	0
	
	0
	≠0
	1

	
	logic gate

	
	Toffoli
	none
	none






Table S4: Truth table of the DNA-CG nucleotide base pair in the singlet state.
	Phosphate group charges (left, right)*

	
	(0,0)
	(0,-1)
	(-1,0)
	(-1,-1)
	(0,-2)
	(-2,0)
	(-1,-2)
	(-2,-1)
	(-2,-2)

	state
	in
	out

	
	x
	y
	z
	


	DDADNA-CG
	0
	0
	0
	0
	0
	1
	0
	0
	0
	0
	0
	0

	DDDDNA-CG
	0
	0
	1
	1
	0
	1
	1
	0
	0
	1
	0
	1

	DAADNA-CG
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1
	0
	1

	DADDNA-CG
	0
	1
	1
	1
	0
	1
	1
	0
	1
	0
	0
	0

	ADDDNA-CG
	1
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0
	0

	ADADNA-CG
	1
	0
	1
	1
	0
	1
	1
	0
	1
	1
	0
	0

	AADDNA-CG
	1
	1
	0
	1
	0
	0
	1
	0
	0
	0
	0
	0

	AAADNA-CG
	1
	1
	1
	1
	0
	1
	0
	0
	0
	0
	0
	0

	
	logic gate

	
	none
	none
	none
	Toffoli
	none
	none
	none
	none
	none



*distance d(N4…O6) = 2.835 Å. 


[image: F:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\New corrected figures\potential energy -2-5-2020.tif]
Figure S1: Potential energy of proton transfer. The systems are (a) in vacuum and (b) in the aqueous system; the nucleotide base pairs are (1) DNA: A＝T, (2) DNA: C≡G, (3) RNA: C≡G, (4) RNA: A＝U, and (5) RNA: G＝U. T1, T2 and T3 indicate the transfer process for protons H1, H2, and H3, respectively.



[image: ]


Figure S2: Energy level diagram and asymmetric double-well system. (a) The energy level diagram for the two-level system. (b) An asymmetric double-well system with two eigenenergies E- and E+ of the molecular orbital in vacuum. The double-well local minima are labeled as . (c) An asymmetric double-well system for the spin-boson model. The energies E0 and E1 correspond to the ground states of the two-well state, , respectively.


[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\nucleobase-TS PT-all-v06-new.tif]
Figure S3: TS (left) and DOS (right) of the nucleobase pairs. (a1-a3) AT, (b1-b3) CG, (c1-c3) AU, and (d1-d3) GU.



[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\AT-base-TS-DOS-MO-AO-01.tif]
Figure S4: TS and DOS for the AT nucleobase pair. (a) TS, (b) DOS, (c) molecular orbital (MO) analysis for HOMO and LUMO, and (d) atomic orbital (AO) analysis. The 2p orbitals are for the N- and O-atoms.


[image: E:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\AT high spin effect-v02.tif]
Figure S5: Spin effect on TS (left) and DOS (right) of the nucleotide AT base pairs at the (L-phosphate, R-phosphate) charge (-1, 1). The spin state is (a) the singlet, (b) the triplet and (c) the quintet in which the spin up (down) is colored black (red).


[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\AT charge all -1.tif]
[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\AT charge all -2.tif]
Figure S6: Charge effect on TS (left) and the DOS (right) of the AT nucleotide base pair. The (L-phosphate, R-phosphate) charges are (a) (0, 0), (b) (0, -1), (c) (-1, 0), (d) (0, -2), (e) (-2, 0), (f) (-1, -2), (g) (-2, -1) and (h) (-2, -2).


[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\AT NBO-v02-1.tif]
[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\AT NBO-v02-2.tif]
Figure S7: NBO charge distribution of the nucleotide AT base pair. The (L-phosphate, R-phosphate) charges are (a) (0, 0), (b) (0, -1), (c) (-1, 0), (d) (0, -2), (e) (-2, 0), (f) (-1, -2), (g) (-2, -1), (h) (-2, -2) and (i) (-1, -1). The regions are divided into the AuL(R) electrode, the interfacial SL(R) atom, the phosphate PL(R) group, the ribose RL(R) group, and the L(R)-nucleobase M1(2) group, where the subscript L(R) denotes the left (L) and right (R) sides of the AT base pair.


[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\CG-high spin -v02.tif]
Figure S8: Spin effect on TS (left) and he DOS (right) of the DNA-CG nucleotide base pairs at the (L-phosphate, R-phosphate) charges (-1, 1). The spin state is (a) the singlet, (b) the triplet and (c) the quintet in which the spin up (down) is colored black (red).

[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\CG-TS-charge-01.tif]
[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\CG-TS-charge-02.tif]
Figure S9: Charge effect on TS (left) and the DOS (right) of the DNA-CG nucleotide base pairs. The (L-phosphate, R-phosphate) charges are (a) (0, 0), (b) (0, -1), (c) (-1, 0), (d) (0, -2), (e) (-2, 0), (f) (-1, -2), (g) (-2, -1) and (h) (-2, -2).

[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\CG-NBO-01.tif]


[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\CG-NBO-02.tif]
[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\CG-NBO-03.tif]
Figure S10: NBO charge distribution of the DNA-CG nucleotide base pair. The (L-phosphate, R-phosphate) charges are (a) (0, 0), (b) (0, -1), (c) (-1, 0), (d) (0, -2), (e) (-2, 0), (f) (-1, -2), (g) (-2, -1), (h) (-2, -2) and (i) (-1, -1). The regions are divided into the AuL(R) electrode, the interfacial SL(R) atom, the phosphate PL(R) group, the deoxyribose RL(R) group, and the L(R)-nucleobase M1(2) group, where the subscript L(R) denotes the left (L) and right (R) sides of the DNA-CG base pair.


[image: E:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\RNA-singlet (-1 -1).tif]
Figure S11: TS (left) and DOS (right) of the RNA nucleotide base pairs. (a) AU, (b) GU and (c) RNA-CG. The spin state is the singlet state, and the (L-phosphate, R-phosphate) charges are (-1, -1).


[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\RNA_AU GU CG_singlet_charge_-1_-1_NBO.tif]
Figure S12: NBO distribution of the RNA nucleotide base pairs. (a) AU, (b) GU and (c) RNA-CG. The spin state is the singlet state, and the (L-phosphate, R-phosphate) charges are (-1, -1).



[image: ]
Figure S13: The molecular junctions and TS along the same strand. (a) The parallel stacked AC nucleobases and stacked GT nucleobases. TS of (b) the eclipsed AC nucleobases, (c) the eclipsed GT nucleobases, (d) the staggered GT nucleobases, and (e) the shifted GT nucleobases.


(a)
[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\DNA path.tif]
(b) 
	path
	
molecular junction
	TS
	TS(De)

	1
	[image: G:\HY_20140107\2016_07_Nucleotide\ribose_phosphate\6-311++gdp\DNA_GC_5-C_5C1_to_5C3_S_Au\cube_file\DNA_GC_5-C_5C1_to_5C3_Au_40.pdb.dat.tif]
	[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Ribose_phosphate\DNA_GC_5-C_5C1_to_5C3_Au.tif]
	0.98

	2
	[image: G:\HY_20140107\2016_07_Nucleotide\ribose_phosphate\6-311++gdp\DNA_GC_5-C_G_to_C\cube_file\DNA_GC_5-C_G_to_C_Au_30.pdb.dat.tif]
	[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Ribose_phosphate\DNA_GC_5-C_G_to_C_Au.tif]
	0.23

	3
	[image: G:\HY_20140107\2016_07_Nucleotide\ribose_phosphate\6-311++gdp\DNA_GC_5-C_C_to_5C1_Au\cube_file\DNA_GC_5-C_C_to_5C1_Au.pdb.dat.tif]
	[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Ribose_phosphate\DNA_GC_5-C_C_to_5C1_Au.tif]
	0.39

	4
	[image: G:\HY_20140107\2016_07_Nucleotide\ribose_phosphate\6-311++gdp\DNA_GC_5-C_G_to_5C3_S_Au\cube_file\DNA_GC_5-C_G_to_5C3_Au_270.pdb.dat.tif]
	[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Ribose_phosphate\DNA_GC_5-C_G_to_5C3_Au.tif]
	0.99

	5
	[image: G:\HY_20140107\2016_07_Nucleotide\ribose_phosphate\Backbone_only\3to5\cube_file\structure.dat.tif]
	[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Ribose_phosphate\T.DNA_Backbone_only_Au_240.dat_325.tif]
	0.45

	6
	[image: G:\HY_20140107\2016_07_Nucleotide\ribose_phosphate\Backbone_only\5to3\cube_file\structure.dat.tif]

	[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Ribose_phosphate\T.DNA_Backbone_only_Au_180.dat+523.tif]
	0.87

	
	Deoxyribose[image: G:\HY_20140107\2016_07_Nucleotide\ribose_phosphate\Backbone_Deoxridose\pic\DNA_Backbone_Deoxribose_Au.mol2.dat.bmp]
	[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Ribose_phosphate\T.DNA_Backbone_Deoxribose_Au.tif]
	0

	
	Ribose[image: G:\HY_20140107\2016_07_Nucleotide\ribose_phosphate\Backbone_ridose\pic\DNA_Backbone_ribose_Au.mol2.dat.bmp]
	[image: G:\HY_20140107\2016_07_Nucleotide\report\TS_pic\Ribose_phosphate\T.DNA_Backbone_ribose_Au.dat.tif]
	0


Figure S14: Molecular junctions and TS of DNA. (a) Electron transfer pathway in DNA. (b) Molecular junctions and TS for paths in (a).

[image: F:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\side chain-protein E235-K91 S178-E184-v02.tif]


Figure S15: PCET of the amino acid pair: (a)  structure and (b)  structure. The proton transfer potential energy surface is (a1 and b1) in vacuum and (a2 and b2) in aqueous solution, TS of (a3 and b3) the singlet state and (a4 and b4) the triplet state in which the spin up (down) is colored by black (red).



[image: K:\Sheu\PAPERS\G4-molecular wire\2019-4-22\Revised Figures-7-8-2019\Figures -OK\MD pi-pi stacking.tif]
Figure S16: Pulse signal vs MD time. (a) Pulse outputs of the H-bond distance changes in the nucleotide base pairs C3---G22, G4---C21, A5---T20, A6---T19 and T7---A18. (b) Pulse outputs of the distance between the stacked nucleobases A18---T19, T19---T20 and T20---C21.
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