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MOLECULAR	  RECTIFICATION	  
DFT	  NEGF:	  I-‐V	  CharacterisMcs	  
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Molecule-Lead coupling 
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Single	  FronMer	  Orbital	  Mechanism	  
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Wendu Ding, Leslie Vogt, Christian F. A. Negre, and Victor S. Batista   
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Nanotechnology 20 (2009) 434009 J R Widawsky et al

Figure 1. (A) Schematic of experimental set-up: VA, is the applied bias voltage, I is the measured current and VM is the voltage measured
across the junction. The ∼100 k! series resistor is also shown. Structures of all three molecules are also shown. The N–N length of these
molecules are about 1.2 nm, 1.3 nm and 0.9 nm for 1, 2 and 3, respectively. The molecules bind to the gold leads through the lone pair of the
amines, represented here by arrows. (B) Normalized conductance histograms for all three molecules measured with a bias VM = 45 mV and a
1 mM solution of the molecules in 1,2,4-trichlorobenzene. A linear bin size of 10−5G0 is used for 1 and 2 (showing molecular peak and
conductance quantum peaks) and a bin size of 10−6G0 is used for 3. The peaks, determined using Lorentzian fits (or Lorentzian fit with
background subtraction for 2), are marked with arrows. Inset: sample measured traces for each of the three molecules showing the molecular
conductance steps. All traces except for the extreme left trace have been offset horizontally to the right for clarity.

bond formed between the N-lone pair on the terminal amine
link groups and an under-coordinated gold atom [18]. We
present a new measurement technique to probe the single-
molecule junction differential conductance as a function of
applied bias voltage. We find that, at a bias of about 400 mV,
the differential conductance of 1 increases the most, the
differential conductance of 2 increase modestly while 3 shows
almost no bias dependence. Since transport in these amine-
linked molecules is mediated through the highest occupied
molecular orbital (HOMO) [19], these results indicate that the
HOMO for 1 is closest to the metal Fermi level. Furthermore,
we find that molecular junctions of 1 and 2 become unstable at
a higher bias, while 3 can sustain a bias of up to about 900 mV.
This suggests that the amine–Au bond can sustain a high bias.
However, the partial charging of the resonant level supporting
transport in steady state at higher bias, as suggested by the
proximity of the HOMO to the Au Fermi level in 1 and 2, acts
to weaken the donor–acceptor bond.

2. Experimental method

We form single-molecule junctions by breaking a gold point
contact in a solution of the molecules [21] and measure the
conductance while pulling the junction apart at a constant
speed of 16 nm s−1. Molecule 1 was obtained from Astatech
(97% purity), molecule 2 was synthesized as described
earlier [5] and molecule 3 was obtained from Sigma-Aldrich
(>99% purity). Details of our experimental set-up have been
described previously [5]. Briefly, we use a home-built modified
scanning tunneling microscope (STM), designed with only z-
axis mobility. The STM tip is a high-purity (5N) gold wire
(Alfa Aesar), 0.025 inches in diameter, cut on an angle to
be sharp. The STM substrate consists of 100 nm of gold

thermally evaporated onto mica, which was cleaned under
UV/ozone prior to use. The measurements are carried out at
room temperature, in ambient conditions. We measure the
current (I ) through the tip–substrate junction using a current
amplifier. In the measurements described here, we place a
100 k! resistor in series with our tip–substrate junction to limit
the voltage drop across the junction when its resistance is very
low (figure 1(A)). A bias (VA) is applied across the junction
and series resistor. We measure the bias (VM) across the tip–
substrate junction and determine the conductance (G = I/VM)
by dividing the measured current with the measured voltage.

For single-molecule-junction current–voltage measure-
ments (I –V ), the STM tip is brought into contact with the
Au substrate until a conductance of greater than a few G0 is
obtained at an applied bias of about 50 mV. The tip is then
withdrawn by 2.4 nm at 16 nm s−1. This distance is chosen
to ensure that the gold point contact is broken by the end of
this elongation, a prerequisite for forming a molecular junc-
tion. At this point, the tip–substrate distance is held constant
for about 150 ms. During this ‘hold’ period, the VA is ramped
sinusoidally for one period and the current is measured. At the
end of this ramp, VA is set to 50 mV once again and the tip is
withdrawn an additional 2.4 nm to fully break the junction.

3. Results and discussions

We first measure the conductance of the three molecules in
separate experiments at a low bias (VM ∼ 45 mV) from
∼1 mM solutions of the compounds in 1,2,4-trichlorobenzene
(Sigma-Aldrich, >99% purity). The inset of figure 1(B)
shows sample conductance traces measured with each of the
three molecules, showing steps at integer multiples of G0 =
2e2/h = 77.5 µS, the quantum of conductance, and at

2

Nanotechnology 20 (2009) 434009 J R Widawsky et al

Figure 2. Linearly binned normalized conductance histograms constructed from over 5000 traces without data selection for 1, 2 and 3 ((A),
(B) and (C), respectively) measured at four different bias voltages, VM. The peak locations are tracked by the arrows. Note: the histograms
have been offset vertically for clarity.

Figure 3. (A) Sample trace measured during a voltage sweep for molecule 1. The piezodisplacement (gray line) is shown in the upper panel.
The measured current (red, left axis) and voltage (blue, right axis) are shown in the bottom panel. Note that the voltage is very low when the
junction conductance is low due to the series resistor. (B) Multiple sample current–voltage traces for molecules 1 (upper panel) and 2 (lower
panel). These traces are obtained from the middle section of the voltage sweep, with VM starting at +450 mV and ending at −350 mV and are
chosen to illustrate the variety in measured traces. (C) Schematic level alignment diagram for two different biases showing the change in
charge transfer (extent of gray shaded region within the bias window) between the molecule and metal at a large applied bias.

a molecule-dependent value below G0. In figure 1(B), we
show conductance histograms constructed from thousands of
consecutively measured traces with each molecule at VM ∼
45 mV. A histogram measured in the solvent alone has no
features over this conductance range. By using Lorentzian fits
to the peaks (or a Lorentzian fit with a power-law background
for 2), we are able to extract the most-probable conductance
value for each molecule. We see a peak centered at about
1.0×10−3G0, 0.8×10−3G0 and 1.2×10−4G0 for molecules 1,
2 and 3, respectively, consistent with previous results [5]. For
2, we need to subtract a power-law background because the
peak is broad, probably due to the soft rotation barrier about
the C≡C bridge [9, 5]. To determine the bias dependence
of these conductance histograms, we measure conductance
traces at different constant biases. For each molecule, four
different biases ranging from VM ∼ 45 to 450 mV were

used and between five and ten thousand conductance (I/VM)
traces were compiled for each molecule at each bias to give
the conductance histograms. Results of these bias-dependent
measurements are shown in figure 2, where the peak of
the conductance histogram, indicated by the arrows, shifts
to higher conductance with increasing bias for 1 and 2, as
opposed to 3 where there is almost no change in the peak
position.

These measurements give average conductance (I/V )
versus applied bias; to measure the differential conductance
(dI/dV ) of these molecules as a function of applied bias, we
first construct a statistically significant I –V curve for each
molecule as follows. We measure thousands of I –V curves
on single-molecule junctions while holding the relative tip–
sample displacement fixed as described in section 2. A sample
measured trace for molecule 1 is shown in figure 3(A) to

3

Nanotechnology. 2009, 20, 434009 

Prof. Latha Venkataraman 
Columbia University 



Molecular Rectification: 
The Break Junction Technique & Recent Results 

11-1-2013 
Chris Koenigsmann 



Molecule R5 10000

8000

6000

4000

2000

0

C
ou

nt
s

-6 -5 -4 -3 -2 -1 0

Conductance (G0)

 400mV
 100mV

10
1

10
0

10
-1

10
-2

10
-3

10
-4

10
-5

10
-6

C
on

du
ct

an
ce

 (G
0)

0.80.60.40.20.0

Displacement (nm)

10
1

10
0

10
-1

10
-2

10
-3

10
-4

10
-5

10
-6

C
on

du
ct

an
ce

 (G
0)

0.80.60.40.20.0

Displacement (nm)

+100 mV +400 mV 

1.  Well defined single molecule 
conductance plateaus (A). 

2.  Conductance ~2.9 x 10-4 G0 

3.  Small but measureable increase 
in conductance as bias 
increases. 

4.  A second low-conductance 
plateau (B) also observed          
(+400 mV). 

A A 
B 

A B 



-6

-5

-4

-3

-2

-1

C
ur

re
nt

 (u
A

)

-0.8 -0.4 0.0 0.4 0.8

Voltage (V)

-6

-5

-4

-3

-2

-1

-0.8 -0.4 0.0 0.4 0.8

Voltage (V)

15

10

5

A
bs

ol
ut

e 
C

ur
re

nt
 (n

A
)

-0.8 -0.4 0.0 0.4 0.8

Voltage (V)

 Sorted
 Raw

R1(U) 

RR@0.85V =1.3 

R1(S) 

-6

-5

-4

-3

-2

-1

C
ur

re
nt

 (u
A

)

-0.8 -0.4 0.0 0.4 0.8

Voltage (V)

-6

-5

-4

-3

-2

-1

C
ur

re
nt

 (u
A

)

-0.8 -0.4 0.0 0.4 0.8

Voltage (V)

15

10

5

A
bs

ol
ut

e 
C

ur
re

nt
 (n

A
)

-0.8 -0.4 0.0 0.4 0.8

Voltage (V)

 Sorted
 Raw

R2(U) R2(S) 

RR@0.85V =1.33 

Experimental and Theoretical IV curves 

Latha Venkataraman, Chris Koeningsmann (I-V exp), Matthieu Koepf (synthesis), Christian Negre (I-V calc) 



-6

-5

-4

-3

-2

-1
C

ur
re

nt
 (u

A
)

-0.5 0.0 0.5

Voltage (V)

-6

-5

-4

-3

-2

-1

C
ur

re
nt

 (u
A

)

-0.5 0.0 0.5

Voltage (V)

40x10
-3

30

20

10

0

C
ur

re
nt

 (u
A

)

-0.5 0.0 0.5

Voltage (V)

R5, Rectification at 0.85 V = 1.45 

Sorted 

Unsorted 

15

10

5

A
bs

ol
ut

e 
C

ur
re

nt
 (n

A
)

-0.8 -0.4 0.0 0.4 0.8

Voltage (V)

 Sorted
 Raw

Molecule  Conductance 
(G0) 

RR 

R1 1.7 x 10-4 1.30 

R5 2.9 x 10-4 1.45 



Examples of Rectifying & 
Poor-Rectifying 
Molecules 

1	   2	   3	  
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Scaled, statistically most probable IV curves for the three molecules. The curves are calculated from log-binned 
2D histograms with bin sizes and histogram ranges kept constant. All curves have been scaled to zero-bias 
conductance of molecule 3, with the red curve multiplied by 2 and the blue curve by 4. Inset: Rectification ratio 
as a function of bias. Molecule 3 rectifies over three times as much as molecule 2, with rectification at 0.85V 
approaching 2. 
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1-‐72	  atm,	  125	  °C	  
Rh/C	  cat.	  

(88%)	  
G.	  P.	  Pez,	  A.	  R.	  Scoe,	  A.	  C.	  Cooper	  and	  H.	  Cheng,	  US	  patent,	  7101530	  (2006)	  

Thermal	  (de)hydrogenaMon	  

+	  



“Feed the hydrogenated organic liquid carrier directly into the fuel cell where 
it is electrochemically dehydrogenated without ever generating  H2”	  
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Discharge	  

Recharge	  

Electrochemical	  (de)hydrogenaMon	  



“Electrochemical dehydrogenation can be done at lower temperatures and high rates”
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Electrochemical dehydrogenation of saturated cyclic 
hydrocarbons  (e.g.,  cyclohexane  and  decaline)  is 
possible  in  alkaline  electrolyte  using  Pd  and  Rh 
catalysts.
[K.V. Kordesch, J.F. Yeager, J.S. Dereska, US Patent 
3280014 (1966); M. Okimoto, Y. Takahashi, K. 
Numata, G. Sasaki, Heterocycles, 65 (2005) 371]
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Temperature	  (K)	  for	  spontaneous	  (de)hydrogenaMon	  ΔG	  =	  0	  (DFT	  B3PW91)	  

E.	  Clot,	  O.	  Eisenstein,	  R.H.	  Crabtree,	  Chem.	  Commun.	  22:2231-‐2233	  (2007).	  
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Exercise 4: 

 Nitrogen atoms introduced into heterocycles tune the thermodynamic tendency 
to absorb or release H2, or to absorb or release 2(H+ and e-). A particularly 
favorable condition is when aromatic stabilization can be achieved after cleavage 
of only four C-H bonds as in the following reaction: 

 

 

 

 This can be analyzed by computing the temperature T = Td that makes the 
dehydrogenation free energy ΔG = ΔΗ − Τ ΔS equal to zero. At this point (T = Td) 
the unfavorable enthalpy due to the endothermicity of the reaction is exactly 
compensated by the favorable entropy of H2 release.  

(a)  Find the minimum energy configurations of reactants and products for the 
dehydrogenation reaction shown above in the gas-phase at the DFT B3PW91 level 
of theory. 

(b)  Perform a frequency calculation for reactants and products and compute the 
temperature Td at which the dehydrogenation becomes spontaneous.  

(c)  Compare your results with the analogous calculation of dehydrogenation Td for 
cyclopentane. 

Solution Exercise 4: See tutorial notes on ab initio free energy calculations. 
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Fuel	  selec;on	  for	  regenera;ve	  organic	  fuel	  cell/flow	  baPery:	  
thermodynamic	  considera;on,	  EES	  5:	  9534-‐9542	  (2012)	  	  
C.	  Moyses	  Araujo,	  Davide	  L.	  Simone,	  Steven	  J.	  Konezny,	  Aaron	  Shim	  ,	  	  
Robert	  H.	  Crabtree,	  Grigorii	  L.	  Soloveichik,	  and	  Victor	  S.	  BaMsta	  

CorrelaMon	  between	  OCP’s	  obtained	  from	  the	  calculated	  
free	   energies	   at	   B3LYP/cc-‐PVTZ	   theory	   level	   and	   from	  
the	  experimental	  thermodynamic	  data	  (NIST	  database).	  

Calculated	  open	  circuit	  potenMals	  and	  hydrogen	  
gravimetric	  densiMes	   for	   six-‐	   (type	  A)	  and	  five-‐
member	  (type	  C)	  ring	  fuels.	  



Fuel	  selec;on	  for	  regenera;ve	  organic	  fuel	  cell/flow	  baPery:	  
thermodynamic	  considera;on,	  EES	  5:	  9534-‐9542	  (2012)	  	  
C.	  Moyses	  Araujo,	  Davide	  L.	  Simone,	  Steven	  J.	  Konezny,	  Aaron	  Shim	  ,	  	  
Robert	  H.	  Crabtree,	  Grigorii	  L.	  Soloveichik,	  and	  Victor	  S.	  BaMsta	  

Calculated	   open	   circuit	   potenMals	   and	   hydrogen	   gravimetric	   densiMes	   for	   fused	   six-‐	   (type	  D)	  
and	  five-‐member	  (type	  E)	  ring	  fuels.	  



Fuel	  selec;on	  for	  regenera;ve	  organic	  fuel	  cell/flow	  baPery:	  
thermodynamic	  considera;on,	  EES	  5:	  9534-‐9542	  (2012)	  	  
C.	  Moyses	  Araujo,	  Davide	  L.	  Simone,	  Steven	  J.	  Konezny,	  Aaron	  Shim	  ,	  	  
Robert	  H.	  Crabtree,	  Grigorii	  L.	  Soloveichik,	  and	  Victor	  S.	  BaMsta	  

Boiling	  point,	  specific	  energy	  and	  energy	  density	  of	  selected	  organic	  
fuels,	  and	  theoreMcal	  efficiency	  of	  fuel	  cells	  based	  on	  dehydrogenaMon.	  



Modeling	  Systems	  for	  CO2/CO	  Conversion	  
Lesson	  From	  CO	  Dehydrogenases	  



Modeling	  Systems	  for	  CO/CO2	  Conversion	  
Crabtree’s	  Biomime;c	  Ni	  Catalyst	  

CHEM 505: Green Chemistry and Alternative Energy
Crabtree – Brudvig – Schmuttenmaer – Batista

Department of Chemistry – Yale University

CO	  +	  H2O	  +	  2AcO	  −	  +	  2mv2+	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  CO2	  +	  2AcOH	  +	  2mv+	  	  	  

Lu,	  Z.;	  Crabtree,	  R.	  H.	  J.	  Am.	  Chem.	  Soc.	  1995,	  117,	  3994	  	  
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Inverse	  Design	  of	  Electrocatlysts:	  CO/CO2	  Conversion	  
Crabtree’s	  Biomime;c	  Ni	  Catalyst	  

Dr.	  Dequan	  Xiao	  
Dr.	  Ingolf	  Warnke	  
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Modeling	  Systems	  for	  a	  Hydrogen	  Economy	  
CO	  Conversion	  into	  Liquid	  Fuel	  



Modeling	  Systems	  for	  CO2	  Conversion	  
Lesson	  From	  Rubisco:	  CC	  Bond	  Forma;on	  

Natural	  CO2	  Fixa;on	  based	  on	  Mg	  Catalysts?	  	  

1011	  metric	  tons	  of	  CO2	  per	  year	  are	  converted	  to	  organic	  material	  
by	  the	  world’s	  most	  abundant	  enzyme	  

CarboxylaMon	  in	  Ribulose	  1,5-‐BisPhosphate	  carboxylase	  (Rubisco)	  



Modeling	  Systems	  for	  CO2	  Conversion	  
Lesson	  From	  Rubisco:	  CC	  Bond	  Forma;on	  

Chem.	  Rev.	  1998,	  98,	  549-‐561	  
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