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THE TUNING PROCEDURE 

The tuning procedure of the BNL* is based on the exact property of KS/GKS DFT, the 
ionization potential (IP) theorem.1,2 According to this theorem the negative of the highest 
occupied orbital (HOMO) energy is equal to the IP of a molecular system. Thus, for a neutral 
molecule with  electrons . Also, for the negatively charged 
molecule we have . The range parameter is chosen in such a 
way as to best comply to these two conditions. I.e. we choose the range parameter  that 
minimizes the function: 

 

The IP’s in this function are calculated using the ΔSCF  method i.e. as differences of total self 
consistent field (SCF) energies.  For this molecule it yielded the optimized parameter 

 with J  .  
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Figure 1: The tuning process, minimizing , obtaining the value , in the optimal value of . 
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COMPARISON OF BNL* AND B3LYP 

DIPOLE MOMENT 

The calculated dipole moment of this junction as a function of electric field is shown in  
Figure 2 (left) for both B3LYP and BNL* calculations. At zero field both methods predict a 
small dipole moment. The dipole moment grows (in absolute value) linearly with increasing 
field due to the polarization of the electron density in the molecule. However, while the 
dipole moment calculated with BNL* jump discontinuously at   due to a 
spontaneous charge transfer, the B3LYP calculations show no such effect. This is not 
surprising: B3LYP has partial long-range self-repulsion and so charge transfer is always 
smooth, unphysical result when donor and acceptor are well-separated.3 
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Figure 2: Comparison of BNL* and B3LYP dipole moments (left) and LUMO-HOMO gaps (center). The BNL* 
LUMO-HOMO gap is very close to the fundamental gap calculated by the ΔSCF procedure, as seen in the left 
panel. The B3LYP gap is much smaller than the fundamental gap (by a factor of ~2.5).  

ORBITAL ENERGY GAP VS FUNDAMENTAL GAP 

The DFT orbital gap is depicted in Figure 2 (center) for both BNL* and B3LYP. The gap 
calculated with the BNL* functional decreases linearly with increasing electric field until an 
abrupt change in the gap occurs at  this critical behavior is due to a 
spontaneous charge transfer induced by the gate. The spontaneous charge transfer occurs 
once the gap is equal to the electron binding energy which can be determined from the 
graph to be   . For   The BNL* orbital gap is independent of the electric 
field as discussed in details in the paper. The B3LYP calculated gap on the other hand, is 
more than two times smaller than the BNL*, a well-known “feature” of B3LYP. The B3LYP 
orbital gap decreases linearly with increasing electric field until it vanished completely at 

. In Figure 2 (right) we plot the fundamental vs. LUMO-HOMO gap for BNL* as 
a function of the gate field . As seen, the two gaps are in excellent agreement for all values 
of Ez. 

THE EFFECTS OF GOLD ELECTRODES ON THE JUNCTION 
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We performed additional calculations on the junction replacing both hydrogen atoms 
connected to the left and right sulfur atoms with a gold cluster, each composed of 3 atoms 
similar to that done in ref. 4. The 3 atoms of the gold cluster form an equilateral triangle 
with edge length of 2.6Å. The sulfur atom is located on the axis perpendicular to the triangle 
and passing through its center. The distance of the sulfur atom from the from the triangular 
plane is 2.3 Å. Electronic structure calculations are carried out using the LANL2DZ basis set 
and pseudopotential for the gold atoms the 6-31G basis set for carbon and hydrogen and the 
6-31+G* for nitrogen. Upon this change, the HOMO and HOMO-1 orbitals, located earlier on 
the PA (orbitals 1,3 of the isolated junction), extended to the gold clusters. These occupied 
orbital energies decreased by ~0.2eV relative to the value of the isolated molecule. The 
LUMO orbital remained on the malononitrile and is nearly identical to orbital-2 of the 
isolated junction. Its energy decreased by ~0.8eV.  

As a result, the electron-hole energy (the HOMO-LUMO gap) is reduced by 0.6 eV. The 
exciton binding energy  decreases from 1.9eV in the isolated molecule (Eq. (3) in the 
article) to ~1eV in the gold terminated system. This is mainly due to the spatial change in 
the HOMO orbital, being less localized and more distant from the acceptor.  The decrease in 
the exciton binding energy dictates an increase in the critical gate field for charge transfer 
from 0.63 to 0.7 V/Å. At the critical gate field a charge is transferred both from the left gold 
cluster and PA wire. Last, the alpha-beta splitting following the charge transfer remains 
almost the same (4.7eV), this too can be identify with the resemblance of the LUMO orbital 
to that of the isolated molecule.  

In summary, the gold cluster indeed causes significant numerical changes but the essential 
effects remain: the critical gate voltage causing charging of the LUMO and the value of the 
critical gate voltage depending on the electron-hole and exciton binding energies. These 
results are summarized in Figure 3 which can be compared to Figure 3 of the article.  
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Figure 3: BNL*-DFT spin-polarized HOMO-LUMO gap of the gold terminated junction (left), z-component dipole 
moment and Mulliken charge on malononitrile (MN) group (right) vs. gate field. 

OPTIMIZATION OF THE GROUND STATE GEOMETRY 

The geometry of the junction was optimized without any constraints at  and is given 
in Table 1. This geometry was used for all DFT unrestricted single point calculations. We 
used the 6-31G basis set for carbon and hydrogen and the 6-31+G* for nitrogen. We also 
checked the stability of the junction after the charge transfer when the external electric field 
is rather high. For this we held the sulfur atoms fixed in place. This step was needed because 
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upon charge transfer, the PA wires are charged with a positive charge and in the presence of 
an electric field pointing to the negative Z direction, those positively charged wires would 
bend towards the negative Z direction. The resulting of charge transfer on the molecular 
configuration was minimal and concerned only with the angle of the   strand 
that connects the malononitrile group to the benzene ring. This strand, linear in the ground 
state, is now bending to the left in order to gain maximal distance in the Z direction, which 
will increase the molecule’s dipole moment, between the negatively charged malononitrile 
and the positively charged PA. For  the angle is about . Along with this internal 
change the molecule also rotates around the axis connected both sulfur atoms so as to 
achieve a better alignment between  and the molecular dipole.  

Table 1: DFT(BNL*) 6-31G/6-31+G* Optimized Structure for the Ground State Junction 

Center Number Atomic Symbol 
Coordinates ( ) 

X Y Z 

1 C 1.153473 0.145623 0.701669 
2 C -0.060431 0.159602 -0.057875 
3 C 2.425414 0.104604 0.044107 
4 C -0.011410 0.134696 -1.485678 
5 C 2.498346 0.075754 -1.382836 
6 C 1.271370 0.085047 -2.119955 
7 H -1.048584 0.173088 0.485158 
8 H 3.360335 0.083923 0.675667 
9 H 1.316808 0.058674 -3.250493 

10 C 1.112379 0.159065 2.150618 
11 C 1.124128 0.166760 3.400435 
12 C 1.195222 0.171903 4.824729 
13 H 0.235179 0.186835 5.421806 
14 C 2.400105 0.158685 5.529548 
15 C 2.410960 0.163440 6.987941 
16 N 2.398639 0.167773 8.179877 
17 C 3.673515 0.141267 4.817654 
18 N 4.689885 0.128537 4.194782 
19 H 3.709869 -0.042264 -3.248359 
20 C 3.794180 0.035309 -2.120318 
21 C 5.051438 0.089544 -1.560108 
22 H 5.170149 0.178137 -0.435462 
23 C 6.299835 0.043838 -2.335447 
24 H 6.207329 -0.043745 -3.462791 
25 C 7.556350 0.100570 -1.764077 
26 H 7.638959 0.187534 -0.635168 
27 C 8.815238 0.054921 -2.519695 
28 H 8.737487 -0.034560 -3.648210 
29 C 10.064756 0.114100 -1.935209 
30 H 10.138473 0.204086 -0.806621 
31 C 11.331498 0.067554 -2.686332 
32 H 11.255748 -0.027802 -3.814414 
33 C 12.560990 0.133869 -2.083815 
34 H 12.672101 0.231707 -0.965562 
35 S 14.202037 0.082350 -2.918324 
36 H 13.701883 -0.067373 -4.250913 
37 C -1.238475 0.153799 -2.333850 
38 H -1.067270 -0.038749 -3.437685 
39 C -2.525272 0.395173 -1.906388 
40 H -2.727648 0.620397 -0.812976 
41 C -3.695394 0.394929 -2.797412 
42 H -3.506097 0.166539 -3.892408 
43 C -4.985935 0.654470 -2.379193 
44 H -5.171532 0.883511 -1.283106 
45 C -6.159051 0.657064 -3.263985 
46 H -5.977292 0.423379 -4.359100 
47 C -7.444578 0.926397 -2.838545 
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48 H -7.622281 1.160468 -1.742782 
49 C -8.625677 0.934018 -3.719841 
50 H -8.451123 0.696486 -4.815186 
51 C -9.889733 1.213949 -3.268982 
52 H -10.093285 1.454932 -2.186052 
53 S -11.436359 1.257961 -4.266276 
54 H -10.832644 0.901617 -5.513801 
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