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Hydrogen	
  Produc9on	
  by	
  Solar	
  Water-­‐Spli\ng	
  
A	
  viable	
  solu4on	
  to	
  alterna4ve	
  and	
  renewable	
  energy	
  

         2H2O(l)              O2 (g) + 4H+ (aq) + 4e- 

Photoabsorp9on	
  Spectrum	
  of	
  Green	
  Plants	
  

4H+(aq) + 4e-          2H2(g)            H2-Storage 

ΔV=[1.23+0.8]	
  Volts	
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Exercise 1 (due Thursday Sept 25, 2014): 

 Consider a dye-sensitized solar cell (DSSC) with an equivalent circuit 
with the following parameters: 

•  Photogenerated current density: JL=16.7 mAmperes/cm2  
•  Specific series resistance:  RS = 2.0E-4 KΩ*cm2 
•  Specific shunt resistance: RSH = 100 KΩ*cm2 
•  Open circuit voltage (Volts): Voc = E0(I-/I3-)- ECB + ΔV(pH) 
•  Reverse saturation current density: J0=JL 10-10 mAmperes/cm2 
•  Diode ideality factor times kT/q= 0.0259 Volts: nkt=Voc/log(JL/J0+1) 

(a)  Compute the I-V characteristic at pH=7.75 assuming E0(I-/I3-)=350mV, and 
ΔV(pH)=60mV*pH+ECB relative to the hydrogen standard electrode (HSE). 

(b)  Compute the light-to-electrical power conversion % efficiency (η) of 
the DSSC, assuming that incident sunpower Pi = 1 kW m-2.  

(c)  Compute η for an analogous DSSC, where the redox couple I-/I3- has been 
replaced by a redox pair X-/X3- with E0(X-/X3-)=150mV. 

Modeling	
  Dye-­‐Sensi9zed	
  Solar	
  Cells	
  
Photoconversion	
  Efficiency:	
  Redox	
  Couple	
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Solution to Exercise 1 (standard fortran): 

Modeling	
  Dye-­‐Sensi9zed	
  Solar	
  Cells	
  
Photoconversion	
  Efficiency:	
  Redox	
  Couple	
  

      PROGRAM main
      PARAMETER(npt=100)
      dv=2.4/(npt-1)
      pmax=-1.
      DO i=1,npt
         v=(i-1)*dv
         rv=rj(v,rkt)
         IF(rv.GT.(-10.0)) THEN 
            p=v*rv
            PRINT *,p
            IF(p.GT.pmax) THEN 
               pmax=p
               vmax=v
               rmax=rv
            END IF
            WRITE(10,22) v,rv
         END IF
      END DO
      PRINT *, "n(ideality factor)", rkt/0.0259
      WRITE(11,22) 0,rmax
      WRITE(11,22) vmax,rmax
      WRITE(11,22) vmax,0.
      PRINT *, "PCE(eta*100)=",pmax
 22   FORMAT(2(e13.6,2x))
      END

FUNCTION rj(v,rkt)
c
      rjl=16.7  ! current density
      rs=2.0E-4 ! specific series resistance 

rsha=100. ! specific shunt resistance 
Voc=0.42+0.35+0.045+0.3 ! Voc

      rj0=rjl*1.0E10 ! Rev. sat. curr. Density
C ideality factor times kT/q= 0.0259 Volts
      rkt=Voc/log(rjl/rj0+1.)  

DO i=1,5
         IF (i.EQ.1) rj=rjl
         rj=rjl-rj0*(exp((v+rj*rs)/rkt)-1.)
     1 -(v+rj*rs)/rsha
      END DO
      RETURN
      END
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Exercise (Current Scenario) (due Thursday Sept 25, 2014): 

Conven9onal	
  Solar	
  Cells	
  
Cost	
  and	
  Space	
  Requirements	
  

Considering that the current US energy consumption is at a rate of 3.5 TWatts:

(1)  What percentage of the US energy consumption is supplied by solar panels?

(2) What percentage of the electricity in Germany is supplied by solar panels?
 
(3) How much would the solar panels cost to supply the US with 3.5 Twatts?

(4) How does that cost compare to the US military budget?

(5) How much area would the solar panels take to supply 3.5 TWatts?

(6) What percentage of the electricity in CT comes from nuclear reactors?

(7) Where are the nuclear power plants?

(8) When was the last time a hurricane hit the coast of CT?
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“what	
  is	
  certain	
  is	
  that	
  we're	
  headed	
  for	
  parity	
  with	
  fossil	
  fuels	
  (the	
  gray	
  area	
  in	
  the	
  graph),	
  	
  
and	
  then	
  solar	
  will	
  beat	
  them...”	
   Michael	
  Graham	
  Richard,	
  May	
  1,	
  2013	
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Solar	
  Panel	
  for	
  Current	
  U.S.	
  Energy	
  Consump9on	
  
Size	
  and	
  Cost	
  

ü 11.2	
  KWals/person	
  =	
  3.5	
  1012	
  Wals	
  (3.5	
  Twals)	
  

ü 60.5	
  m2/person	
  =	
  	
  [6%	
  of	
  New	
  Mexico]	
  	
  
140,490	
  miles	
  of	
  railroads	
  ×	
  
130	
  p	
  of	
  solar	
  panels	
  on	
  each	
  side	
  

ü Cost	
  of	
  solar	
  panels:	
  $11,200	
  /person	
  =	
  [$3.5	
  Trillions]	
  

2012	
  U.S.	
  military	
  budget	
  =	
  $2,064/person	
  [$0.646	
  Trillion]	
  	
  

2011	
  Ivanpah	
  BrightSource	
  Energy	
  =	
  $5.1/person	
  
WASHINGTON	
  (Army	
  News	
  Service,	
  July	
  8,	
  2010)	
  -­‐-­‐"We	
  view	
  energy	
  security	
  as	
  a	
  
cri9cal	
  mission-­‐enabler	
  and	
  an	
  opera9onal	
  impera9ve,	
  which	
  can	
  provide	
  the	
  Army	
  
with	
  an	
  essen9al	
  tac9cal	
  advantage,"	
  said	
  Jerry	
  Hansen,	
  the	
  Army's	
  senior	
  energy	
  
execu9ve,	
  during	
  a	
  bloggers	
  roundtable	
  discussion,	
  July	
  7,	
  at	
  the	
  Pentagon.	
  "Our	
  
Army	
  installa9ons,	
  our	
  tac9cal	
  opera9ons,	
  Soldier	
  training	
  -­‐-­‐	
  all	
  require	
  secure	
  and	
  
uninterrupted	
  access	
  to	
  energy.”	
  



U.S.	
  Energy	
  Consump&on	
  

ü 11.2	
  KWals/person	
  =	
  (3.5	
  TWals)	
  

•  Each	
  person	
  consumes	
  energy,	
  on	
  average,	
  at	
  a	
  rate	
  
comparable	
   to	
   the	
   energy	
   consump9on	
   of	
   11	
  
window	
   air	
   condi9oners,	
   or	
   110	
   light	
   bulbs	
   (100	
  
Wals	
  each).	
  

•  Sunlight	
   shines	
   on	
   earth	
   at	
   an	
   average	
   flux	
   rate	
   of	
  
1.0	
   KWal/m2.	
   Therefore,	
   the	
   average	
   flux	
   of	
   solar	
  
energy	
   shining	
   on	
   11.2	
  m2	
  (120	
  p2)	
   corresponds	
   to	
  
the	
  average	
  energy	
  consump9on	
  per	
  capita.	
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  Solar	
  Cells	
  

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

Department of Chemistry – Yale University



2012	
  U.S.	
  Renewable	
  Energy	
  Consump&on	
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IVANPAH:	
  World’s	
  Largest	
  Solar	
  Thermal	
  Plant	
  

As	
  World’s	
  Largest	
  Solar	
  Thermal	
  Plant	
  Opens,	
  California	
  Looks	
  to	
  End	
  Solar	
  Wars	
  	
  
July	
  12,	
  2013.	
  In	
  a	
  few	
  weeks,	
  the	
  largest	
  solar	
  plant	
  of	
  its	
  kind	
  in	
  the	
  world	
  will	
  start	
  
producing	
  power	
  in	
  California’s	
  Mojave	
  Desert.	
  	
  
The	
  Ivanpah	
  Solar	
  Electric	
  Genera9ng	
  System	
  will	
  supply	
  both	
  Northern	
  and	
  Southern	
  
California,	
  inching	
  the	
  state	
  one	
  step	
  closer	
  to	
  its	
  ambi9ous	
  renewable	
  energy	
  goal.	
  

April	
  11,	
  2011.	
  DOE	
  Finalizes	
  $1.6	
  Billion	
  Loan	
  Guarantee	
  for	
  BrightSource	
  Energy	
  



Summary	
  9-­‐23-­‐14

• Solar	
  Photovoltaic	
  (PV)	
  
– Conventional	
  doped	
  semiconductor	
  (SC)	
  technology	
  
– SC	
  Band	
  gap	
  matching	
  solar	
  radiance	
  
– Dye	
  Sensitized	
  Solar	
  Cells	
  (DSSCs)	
  
– Electricity	
  
– Fuels	
  (e.g.,	
  H2)	
  

• Conventional	
  Technology	
  
– Still	
  expensive,	
  close	
  to	
  parity	
  with	
  fossil	
  fuels	
  
– Based	
  on	
  p-­‐n	
  junction	
  
– Equivalent	
  circuit:	
  I-­‐V	
  curves

Computational Modeling and Physical Principles



Summary	
  9-­‐23-­‐14

• Dye	
  Sensitized	
  Solar	
  Cells	
  (DSSCs)	
  
– Molecular	
  Components	
  
– Dyes	
  
– Electrolyte	
  
– Redox	
  couple	
  
– Catalyst	
  (DSSCs	
  for	
  fuel	
  production)	
  

• Calculations	
  of	
  I-­‐V	
  curves	
  
– Iterative	
  approach	
  
– Power,	
  power	
  point,	
  %	
  efficiency	
  power	
  conversion

Computational Modeling and Physical Principles



Modeling Dye-Sensitized Solar Cells!
Ru Polypyridyl Dyes: Transition Metal 
Adsorbates
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Zn porphyrin chromophore, integrated into 
a donor–acceptor dye as a π-conjugated 
bridge, exhibits efficiency of 11  % when 
used as a photosensitizer in a double-layer 
TiO2 film. !
!
Angew. Chem. 2010, 122, 6796 –6799

Modeling Dye-Sensitized Solar Cells!
Zn Porphyrin Dyes [August 4, 2010]
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Modeling Dye-Sensitized Solar Cells!
N3-Dye: Ru(II/III) MLCT, Aromatic 
Linkers
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Modeling Dye-Sensitized Solar Cells!
N3-Dye: Ru(II/III) MLCT, Aromatic 
Linkers

TiO2

τ1~100 
fs
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ps τabs~100 
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Modeling Dye-Sensitized Solar Cells!
Ab Initio Simulations of Photoabsorption 
Spectra
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Modeling Dye-Sensitized Solar Cells!
Ab Initio Redox Potentials: Born-Haber 

Cycle
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[Ru(bpy)3]2+ (g)

ΔGsol(II
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The redox potential Em
(2+/3+) is obtained from ΔG(aq) = - n F Em

(2+/3+), where !
n = 1 is the # of electrons involved in the redox process. F = 96,500 C  and!
ΔG(aq)=ΔG(g)+ΔGsol(III)-ΔGsol(II), where ΔG(g)=G[Ru(bpy)3

3+(g)] –G[Ru(bpy)3
2+(g)], !

with G0 = H0 – T S0, where H0 is the molecular enthalpy obtained from the 
minimum energy structure and S0 is the molecular entropy obtained from a 
frequency calculation.

[Ru(bpy)3]3+(g) + e-

[Ru(bpy)3]3+(aq) + e-[Ru(bpy)3]2+ (aq)
[Ru(bpy)3]2+/3+ (g)
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Exercise 2: 

 Consider the redox pairs [Ru(bpy)3]2+/3+, [CoCp2]0/+ and [FeCp*2]0/+:  

!
!
!
!
(a)Obtain the minimum energy structures of [CoCp2]0/+ and [FeCp*2]0/+ and [FeCp2]0/+ at 
the B3LYP(LACVP/6-311G*) level of theory and compare them to the X-ray crystal 
structures for [Ru(bpy)3]2+, [CoCp2]0 and [FeCp*2]0. 

•Compute the redox potentials of [CoCp2]0/+ and [FeCp*2]0/+ in DMSO (ε=46.83), versus
[FeCp2]0/+ by using a polarizable continuum model (PCM) of solvation, and compare
your results to the experimental values the following reference:

Connelly, N.G. & Geiger, W.E., Chem. Rev. 1996, 96, 877-910.

Solution to Exercise 2:  

 Download the tutorial notes on calculations of redox potentials and follow the 
instructions on how to create input files, launch calculations and obtain results 
from the output files.

[MCp2]0/+ and [MCp*2]0/+ with M = Fe, Co.

http://www.chem.yale.edu/~batista/classes/CHEM505/ChemRev1996.pdf
http://www.chem.yale.edu/~batista/classes/CHEM505/redoxpotentials.pdf
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http://www.chem.yale.edu/~batista/publications/paper5.pdf
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Modeling Dye-Sensitized Solar Cells!
Ligand-to-Conduction Band Electron 
Transfer

http://www.chem.yale.edu/~batista/publications/paper5.pdf
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and                                                           , 
where

, where     

 and the MO’s

by solving the extended-Hückel generalized eigenvalue equation:

are obtained in the basis of 
AO’s
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With this scheme, we can calculate for all t>0 :!
•  electronic wavefunction!
•  electronic density !
•  Define the Survival Probability for electron to be found on 

initially populated adsorbate molecule
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Exercise 3: [by Robert C. Snoeberger III] 

 Consider a TiO2 slab with atomic coordinates define in file Tio2.com. Download the 
software package IETsim and compute: 

(a)The DOS of TiO2, as shown in page 7. 

(b)The DOS of TiO2 sensitized with catechol covalently attached to the (101) 
surface, as shown in page 7. 

(c)The time-dependent electronic population of catechol PMOL(t), when the initial 
state is defined as the LUMO+1 orbital of the isolated catechol on the TiO2-
anatase (101) surface. Plot the survival amplitude and estimate the rate. Compare 
your result with Figure 13 in Reference [1]. 

(d)Simulate IET from the HOMO orbital of catechol on the TiO2-anatase (101) surface. 
Explain why the probability PMOL(t) does not decay to zero. 

Solution to Exercise 3: 

 Follow the instructions in the tutorial notes to install, compile and run IETsim 
using the input file provided in the directory dynamics/examples. The tutorial 
also provides guidelines to construct figures of the DOS, the time evolution of 
the electronic density during IET and the time-dependent electronic population.

http://www.chem.yale.edu/~batista/classes/CHEM505/TiO2.com
http://www.chem.yale.edu/~batista/classes/CHEM505/dynamics-0.4.tar.gz
http://www.chem.yale.edu/~batista/publications/paper5.pdf
http://www.chem.yale.edu/~batista/classes/CHEM505/iet_pchem.pdf


Solar	
  Spectrum	
    
Black	
  body	
  Radiation	
  at	
  5800	
  C

F(λ)=	
  A	
  2	
  π	
  h	
  c2/[λ5	
  (exp(hc/(kTλ)-­‐1)]

A:	
  total	
  power	
  of	
  1.38	
  KW/m2

http://www.chem.yale.edu/~batista/classes/CHEM505/sspec
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Solar	
  Spectrum:	
  Maximum	
  Photon	
  Flux 
Comparison	
  to	
  Spectrum	
  of	
  Chlorophyll	
  a

?

http://www.chem.yale.edu/~batista/classes/CHEM505/chlorop


Flux	
  of	
  Solar	
  Photons:	
  Solution

http://www.chem.yale.edu/~batista/classes/CHEM505/progsolar.f
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Breakthroughs in X-ray Diffraction Models of Photosystem II

Ferreira, K. N. et al Science 2004, 303, 1831-1838. [3.5 Å resolution] 
Biesiadka, J. et al Phys. Chem. Chem. Phys. 2004, 6, 4733-4736. [3.2 Å resolution] 
Loll, B. et al Nature 2005, 438, 1040-1044 [3.0 Å resolution] 
Guskov A, Kern J, Gabdulkhakov A, et al. Nature Struct. & Mol. Biol. 2009, 16, 334-342 [2.9 Å resolution] 
Umena, Y., Kawakami, K., Shen, J.-R., and Kamiya, N. (2011) Nature, 473, 55-60 [1.9 Å resolution]
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Kok-Joliot Cycle

Joliot,	
  P.;	
  Barbieri,	
  G.;	
  Chabaud,	
  R.	
  Photochem.	
  Photobiol.	
  (1969)	
  
10:	
  309-­‐329.	
  
Kok,	
  B.	
  Forbush,	
  B.	
  and	
  McGloin,	
  M.,	
  Photochem.	
  Photobiol.	
  
(1970)	
  11:	
  457-­‐475.	
  

Natural	
  Photosynthesis 
PSII	
  Energy	
  Diagram

IL

Artificial	
  Photosynthesis 
Dye	
  Sensitized	
  Solar	
  Cell

	
  	
  Dye	
  	
  

H2O	
  	
  	
  	
  	
  	
  O2	
  +4H+

2H2	
  	
  	
  	
  	
  	
  	
  	
  	
  4H++	
  4e-­‐

TiO2

e-­‐
Load

e-­‐

e-­‐
e-­‐

Mn(II,III)/Mn(IV,V)
e-­‐

e-­‐

e-­‐
e-­‐

	
  	
  Dye	
  	
  

         2H2O(l)              O2 (g) + 4H+ (aq) + 4e-

e-­‐

H+

Cat.



It is time to build an actual artificial photosynthetic system, to learn what works 
and what doesn't work, and thereby set the stage for making it. 
Melvin Calvin



The coordinates of the Mn atoms were chosen consistently with the observed dual-lobe electronic density to 
have Mn-Mn distances of about 2.7 Å and 3.3 Å length as reported by XAS studies [see, e.g., George, G.N.; 
Prince, R.C. and Cramer, S.P. Science (1989) 243:789-791] and the cuboidal structure with a dangling Mn 
suggested by EPR and ENDOR data [Peloquin, J.M.; Campbell, K.A.;Eandall, D.W.;Evanchik, M.A.;Pecoraro, 
V.L.;Amstrong, W.A.;Britt, R.D. J. Am. Chem. Soc. (2000) 122:10926-10942].

Jim Barber’s Model 
Ferreira et al. Science  (2004) 303:1831-1838 
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QM = DFT B3LYP/lacvp* 
MM = Amber Force Field              UB3LYP ONIOM-EE optimizations

Quantum Mechanics / Molecular Mechanics  
(QM/MM) Hybrid Methodology (Warshel, 1976)

Two-­‐layer	
  ONIOM-­‐Electronic	
  Embedding	
  (EE)	
  	
  (Morokuma),	
  G03.	
  

DFT	
  QM/MM:	
  
J.A.	
  Gascon	
  and	
  V.S.	
  Batista,	
  	
  Biophys.	
  J.	
  87,	
  2931-­‐2941	
  (2004)	
  
J.A.	
  Gascon,	
  E.M.	
  Sproviero	
  and	
  V.S.	
  Batista,	
  	
  J.	
  Chem.	
  Theor.	
  Comput.	
  2,	
  11-­‐20	
  (2005)	
  
DFT	
  QM/MM	
  Self-­‐Consistent	
  Protein	
  Polarization:	
  
J.A.	
  Gascon,	
  S.S.F.	
  Leung,	
  E.R.	
  Batista	
  and	
  V.S.	
  Batista,	
  	
  J.	
  Chem.	
  Theor.	
  Comput.	
  2,	
  175-­‐186	
  (2006)

http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf
http://www.chem.yale.edu/~batista/publications/qmpmm.pdf


2006	
  DFT	
  QM/MM	
  S0	
  model

DFT-QM/MM Model 
!
Sproviero, E.M; Gascon, J.A. et. al. J. Chem. Theor. Comput., (2006) 4:1119-1134; Curr. Op. Struct. 

Biol., (2007) 17:173-180; Phil. Trans. Royal Soc. London B 363:1149-1156 (2008); Coord. 
Chem. Rev. 252:395-415 (2008) ; J. Am. Chem. Soc. 130:3428-3442 (2008); J. Am. Chem. Soc. 
130:6427-6430 (2008); Biochemistry 50, 6308-6311 (2011); Biochemistry 50, 6308-6311 (2011); 
Biochemistry 50, 6312-6315 (2011); Biochemistry in press (2013). 

Oxo-Bridge Mechanism

Terminal Water Mechanism

O-O Bond Formation 2011	
  Shen’s	
  X-­‐ray	
  model



2011	
  DFT	
  QM/MM	
  Model:	
  Validation	
  by	
  EXAFS	
  Analysis	
  
Biochemistry 50, 6308-6311 (2011) Sandra Luber, Ivan Rivalta, Y. Umena, K. Kawakami, 
 Jian-R. Shen, N. Kamiya, Gary Brudvig, and Victor S. Batista 

Isotropic Polarized

Experimental EXAFS Data: 
Haumann, M.; Muller, C.; Liebisch, P.; Iuzzolino, L.; Dittmer, J.; Grabolle, M.; Neisius, T.; Meyer-Klaucke, 
W.; Dau, H. Biochemistry 2005, 44, 1894–1908. 
Yano, J.; Kern, J.; Irrgang, K. D.; Latimer, M. J.; Bergmann, U.; Glatzel, P.; Pushkar, Y.; Biesiadka, J.; Loll, 
B.; Sauer, K.; Messinger, J.; Zouni, A.; Yachandra, V. K. Proc. Natl. Acad. Sci. U.S.A. 2005, 102, 12047–
12052.

http://www.chem.yale.edu/~batista/publications/Cl_Bio.pdf
http://www.chem.yale.edu/~batista/publications/Cl_Bio.pdf
http://www.chem.yale.edu/~batista/publications/Cl_Bio.pdf
http://www.chem.yale.edu/~batista/publications/Cl_Bio.pdf
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http://www.chem.yale.edu/~batista/publications/Cl_Bio.pdf
http://www.chem.yale.edu/~batista/publications/Cl_Bio.pdf
http://www.chem.yale.edu/~batista/publications/Cl_Bio.pdf
http://www.chem.yale.edu/~batista/publications/Cl_Bio.pdf


S0	
  -­‐State	
  Model	
  of	
  the	
  OEC	
  of	
  Photosystem	
  II
Biochemistry 52: 7703-7706 (2013) Rhitankar Pal, Christian F. A. Negre, Leslie Vogt, Ravi 
Pokhrel, Mehmed Z. Ertem, Gary W. Brudvig, and Victor S. Batista

Dr. Rhitankar Pal 
Dr. Christian Negre

PCET

Experimental EXAFS Data: 
Haumann, M.; Muller, C.; Liebisch, P.; Iuzzolino, L.; Dittmer, J.; Grabolle, M.; Neisius, T.; Meyer-Klaucke, W.; 
Dau, H. Biochemistry 2005, 44, 1894–1908.

http://www.chem.yale.edu/~batista/publications/S0_sub3p.pdf
http://www.chem.yale.edu/~batista/publications/S0_sub3p.pdf
http://www.chem.yale.edu/~batista/publications/S0_sub3p.pdf
http://www.chem.yale.edu/~batista/publications/S0_sub3p.pdf


Water Channels

Coord. Chem. Rev. 252:395-415 (2008)  
J. Am. Chem. Soc. 130:3428-3442 (2008)

http://www.chem.yale.edu/~batista/publications/CCR_BrudvigBatista.pdf
http://www.chem.yale.edu/~batista/publications/CCR_BrudvigBatista.pdf
http://www.chem.yale.edu/~batista/publications/CCR_BrudvigBatista.pdf
http://www.chem.yale.edu/~batista/publications/CCR_BrudvigBatista.pdf
http://www.chem.yale.edu/~batista/publications/cycle.pdf
http://www.chem.yale.edu/~batista/publications/cycle.pdf
http://www.chem.yale.edu/~batista/publications/cycle.pdf
http://www.chem.yale.edu/~batista/publications/cycle.pdf


O–O Bond Formation
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O-O Bond Formation  
Zundel/HOO-Mn(4) State Formation
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Time, Hours

[MnIV(µ-O)2MnIII (H2O)2 (terpy)2]3+  

(terpy = 2,2':6,2''-terpyridine)

Crabtree, Brudvig and co-workers Science 283, 1524-1527 (1999); 
J. Chem. Edu. 791-794 (2005).



O2-­‐Evolution	
  by	
  Water	
  Splitting:	
  The	
  Yale	
  Mn-­‐Terpy	
  Dimer	
  in	
  Action



Mn Dimer 1 attached to TiO2

O2 evolution using Ce4+ as a single-
electron primary oxidant. 1 was loaded on 
TiO2 (50 mg) samples: (a) P25, (b) D450, 
and (c) D70. A control test was also done 
using (d) bare P25 NP’s as the catalyst.[Li, G. et al. Energy Environ. Sci. (2008) 2:230-238]
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PCET: Activation Mechanism

[H2O MnIII (u-O)2 MnIV OH2]3+ [H2O MnIV (u-O)2 MnIV OH]3+ + H+ + e- pH=4.5

DFT UB3LYP/cc-pVTZ(-f) Free Energy Calculations: (III,IV)      (IV,IV) Transition

[Wang, T. et al. JCTC (2010) 6:755-760]

Dr. Ting Wang

http://www.chem.yale.edu/~batista/publications/Mn3Mn3.pdf
http://www.chem.yale.edu/~batista/publications/Mn3Mn3.pdf
http://www.chem.yale.edu/~batista/publications/Mn3Mn3.pdf


Pourbaix Diagrams: Theory vs. Experiments
DFT UB3LYP/cc-pVTZ(-f) Free Energy Calculations

Theory (Batista)                                     Experiments (Brudvig)

[Wang, T. et al. JCTC (2010) 6:755-760]

[H2O(terpy)MnIII(µ-O)2MnIV(terpy)CH3COO]2+        
                   [HO (terpy) MnIV (µ-O)2 MnIV (terpy) CH3COO]++H++e– 

Regulation of PCET by Lewis Base (Carboxylate) Binding

Dr. Ting Wang
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Sabas G. Abuabara, Clyde W. Cady, Jason B. Baxter, Charles A. Schmuttenmaer, Robert H. Crabtree, 
Gary W. Brudvig, and Victor S. Batista. J. Phys. Chem. C, 111:11982–11990 (2007).

http://www.chem.yale.edu/~batista/publications/JPCB.pdf
http://www.chem.yale.edu/~batista/publications/JPCB.pdf


First 100 fs after photoexcitation 
of the Mn(III,IV) adsorbate

Sabas	
  G.	
  Abuabara
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CounterWorking Ref.

Photocatalysis with Visible Light
J. Catalysis 310: 37-44 (2014)  Photoelectrochemical Oxidation of a Turn-On Fluorescent Probe Mediated by a Surface 
Mn(II) Catalyst Covalently Attached to Ti2 Nanoparticles, Alec C. Durrell, Gonghu Li, Matthieu Koepf, Karin J. Young, C.F. A. 

Negre, L. J. Allen, W. R. McNamara, H. Song, Victor S. Batista, Robert H. Crabtree and Gary W. Brudvig. 
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ĤL ĤD ĤR
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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 
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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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“Feed the hydrogenated organic liquid carrier directly into the fuel cell where 
it is electrochemically dehydrogenated without ever generating  H2”	
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“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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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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