
10.675 LECTURE 1 

RICK RAJTER 

1. Today


Motivation
→ 
Course Overview → 

2. Misc


Books. Jensen  DFT. Szabo Modern Quantum Chemistry. 
→ 
→ Grading. Homework 30%, Participation 20%, Final Project 50%. 

Check out Gaussian Site http://www.gaussian.com/ as well as CPMD →
http://www.cpmd.org/ for information on software we will be using in the course. 

3. Intro Concepts 

→ Model electrons quantum mechanically (QM) while using classical mechanics 
(CM) for the nuclei. 
→ In today’s research, 50 atom QM simulations is the high end. 
→ Goal: Solve for nuclear/electron interactions. 
→ Option 1: Nuclei with an electron cloud in a cluster model isolated system. 
→ Option 2: Physics approach → periodic structure in 3D. 

4. Setup 

→ BornOppenheimer (BO) Approximation... Important! Also called the 
adiabatic approximation. Essentially, the nuclei are far heavier and less mobile 
than electrons. Thus, we can decouple the motions of the electrons from that of 
the nuclei and solve independently. 
→ Because of BO approximation, we treat nuclei as point charges of zero volume. 
→ Typically, this means we’re working in a 3N6 dimensional space, where N →
# of Nuclei in our system. 
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2 RICK RAJTER 

→ We are trying to determine the potential energy surfaces. 

5. Notation 

Introducing the timeindependent Schrödinger Equation (SE). 

HΨi = EiΨi 

Where H is the Hamiltonian for the system, and Ei’s are the Eigenvalues. 

6. Hydrogen 

The Hamiltonian is as follows. 
2−�2 

� Ψi = EiΨi2me 
�2Ψi − 

e

r 

2 
2 = 

q
e 

4π�0 
From now on, and for the rest of these lectures, we will be using atomic units to 
stop us from writing out all the miscellaneous constants each and every time. 
→ length bohr ao = �2 

= 0.52918˚2 A me 

→ energy hartree Eh = e2 = 27.21eV 
1 eV = 23.06 Kcal/mol →

The SE thus becomes 
1−1 � Ψi = EiΨi2 

�2Ψi − 
r 

7. Many Body Schrödinger Equation  No spin 

−1 N

2 

N M� 

i=1 i=1 

N N
Zk Zk 

� Rjr�i − R�k i=1 j<i ri − �
� 2 
�iH = +− 

k=1 

First term is electron KE, second term elec/nuc interaction, last term is elec/elec 

interactions. Nuc/Nuc terms are ignored for the time being. 

N Electrons 
→
M Nuclei→
The electron/electron interaction term is the hardest part as ri and rj are not 
separable. 
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3 10.675 LECTURE 1 

8. Solving 

Many different ways of going about it 

Single particle equations, solve through self consistent field (SCF) ”Mean Field 

Theory”.

Molecular orbital theory. → HartreeFock Methods. 

Density Functional Theory (DFT). 

In all approaches, there are no adjustable parameters. 


9. Demos/Examples 

Gaussian Code Intro  Gaussview Display 

Catalyst Design, paper → Steam Reforming Catalyst. Science, 20 March, 1998, 

Vol 279, 1913. 

CH4 + H2O + Ni CO + 3 H2 + Ni
→ 
→Problem: Ni catalyst ”cokes”, ie carbon deposits on the surface. 

A) 2 CO ↔ C(S) + CO2


B) CH4 ↔ C(S) + H2


Coking Deactivates the process. 

GOAL: Investigate the coking reactions with/without Au. Want to hinder 

nucleation of C(s).

Objective: Have the catalyst slective for reaction A over B. 

Choose the model surface (Ni 111 plane) 

Investigate surface reaction 

CH4 → CH3 + H rate limiting step. 

Add gold, how will it effect this rxn? 


Compare with Experiment... which it all worked with almost NO coking. 
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10.675 LECTURE 2 

RICK RAJTER 

1. Last Lecture Review 

→ Many Body PE surface. 
Schrödinger’s Equation (SE) → 
# Dimensions → 

2. Important Concepts 

→ Many Body PE surface. 
→ Schrodinger’s Equation. 

# Dimensions → 

3. Many Body SE 

−1 N

2 

N M�
 Zk2 
i − + 

N N

r�ivecrjr�i − R�k i i<j 

1 
H = 

i i j 

3N  6 Degrees of Freedom (DOF) in NonLinear Case 
3N  5 DOF for linear. 
Each Molecule moves in the directions, hence 3N. In nonlinear, substract 3 
rotation and 3 translation (6). In linear, substract 3 translation and 2 rotation 
(5). 

4. Today 

→ QM and Atomic Orbitals 
Permutation P̂ij and Pauli Principle → 

→ Spin Orbitals 
→ Valence band theory and molecular 

5. Born Oppenheimer approximation 

Theory that the electrons relax far faster than the protons. Thus, we can 
decouple nuclearnuclear interaction terms from the electron terms. 
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2 RICK RAJTER 

6. Hydrogen Atom 

Hφi(r) = Eiφi(r) 

H Hamiltonian →
φi → ”Atomic” orbital 
r → position vector 
We can solve for the hydrogen wave function explicitly 

φnlm(�r) = ( φ, θ)RnlYl
m 

NOTE: the solution neglects or doesn’t include the effects of spin. 

7. Spin 

Electrons have an intrinsic spin +/ 1 or ��. This spin is a consequence of the SE 2 
in its relativistic formulation, i.e. the Dirac equation. Thus, degeneracy of the 

atomic orbitals exists. 

Let ω be the spin coordinate. �
x = (�r, ω). 
Ψ = Total wave functions of the many body N electron system 
= Ψ(x�1, � x3... �x2, � xN ) 

8. Pauli Principle 

Ψ must be anti symmetric with respect to exchange. 
P̂ij → Permutation operator, which exchanges electron i with j. 

x2, � x1, � x 2, �P̂12Ψ(x�1, � x3) = Ψ(x�2, � x3) = −Ψ(x�1, � x3) 

9. Helium Atom 

x) where � r, �Introduce spin orbital concept χ(� x = (� ω) 
The ground state wave function is the lowest state. 
Ψ0 = χα(� x2) which is our ”trial” wavefunction. x1)χβ(�

10. Slater Determinant 

Ψ0 = χα(� x2)→ Not antisymmetric, so it’s a poor trial wave function. Try x1)χβ(�
this instead. 

1Ψ0 = √
2 

(χα(� x2)− χα(� x1))x1)χβ(� x2)χβ(�
Which is antisymmetric AND coupled. 
A more convenient format is a slater determinant. 

1 χα(� x2)x1) χα(�
χβ(� x2)x1) χβ(�Ψ = √

2 

11. Spatial Functions 

φ(r1)φ(r2) abbreviate as φ(1)φ(2)

Spin Function α or β.

α(1)α(2) and β(1)β(2) are symmetric 

α(1)β(2) and β(1)α(2) violates indistinguishability. Implies we have an 

independent measure of spins. 
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3 10.675 LECTURE 2 

12. Combined Spin and Spatial Functions 

Now that we have the electronic and spatial wave functions, we combine to get a 
complete trial wave function for helium. 

1
Ψ(χ�1χ�2) = √

2 
φ(1)φ(2) [α(1)β(2) − β(1)α(2)] 

Note that φ(1)φ(1)dr = φ(2)φ(2)dr = 1 from the overlap integral 
S = φaφbd(�r) 

13. Hydrogen Gas 

Valence bond theory, so valence bond wave function. 

Choose a trial wave function (Heiter and London). 

Ψ = φa(1)φb(2) or φb(1)φa(2)

So, we need to create an overall antisymmetric wave function of both electronic 

and spatial wave functions. 


1 1
Ψ = [ φa(1)φb(2) + φb(1)φa(2)] √

2 
∗ (χα(� x2)− χα(� x1))√

2 + 2 S2 
x1)χβ(� x2)χβ(�

which is overall antisymmetric (both spatially and electronically). 

14. Hydrogen Hamiltonian 

The complete Hamiltonian is as follows. 
−1 2 2 1 1 1 1 1 

H = +
2 
�1 −

−
2
1 �2 −

r�1 −R�a 

−
r�2 − � r�1 − r�2 

−
r�2 −R�a 

−
r�1 − �Rb Rb 

Where �r denotes electron position vector, �R denotes nucleus position vector. 

15. Perturbation Theory 

Summary on pg 68 of S&O 
Dissociation Energy 
H2 System 
Calculated De = 3.15 eV Re=0.87Å 
Experimental De = 4.75 Re = 0.741 Å 
Major approximations 

Form of the trial wavefunction →
→BO approximation 
→ Perturbation Theory (how we solve it) 

16. Molecular Orbital Approach 

Trial Wave Function 
1 1

Ψ = [( φa + φb)(1)(φa + φb)(2)] √
2 
∗ (α(1)β(2) − β(1)α(2))√

2 + 2 S2 

The spatial orbital section is symmetric, and the electronic orbitals are 
antisymmetric. A symmetric function times a antisymmetric function leads to an 
overall anti symmetric function. 
This is essentially a linear combination of spatial orbitals Ψ(1) and Ψ(2). 
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4 RICK RAJTER 

If we multiply out the spatial terms, we get the following. 

φa(1)φa(2) + φb(1)φb(2) + φa(1)φa(2) + φb(1)φa(2) 

The first two terms are ”ionic” because both electrons are centered on 1 atom. 
The 2nd two terms are ”covalent”, as the electrons are shared. Unfortunately, if 
we maintain this balance, this implies that ioniccovalent characteristics should 
occur 50/50. This is obviously not the case. Thus, a fudge factor λ can be used to 
reduce the ionic content of the wave function. Then we can solve variationally. 
Typically, λ is set to 0.26. 
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10.675 LECTURE 3 

RICK RAJTER 

1. Today 

→ Hartree Theory and Self Consistent Solutions 
Slater Determinant → 

→ HartreeFock Theory 
Reminder, Tuesday’s Evening Class 78:30 rm 1115 

2. Concepts 

N M� 

→ Mean Field Theory → Self Consistent Solutions 

3. Quick Review 

HΨ0 = EiΨ0 for the ground state system. The full hamiltonian is below. 

N N−1 N

2 
1Zk 

ecri − R�k + 
v 

2 
i −H = 

ri − r�ji i j i i<j 

The difficulty arises in the last term, because it’s not separable. 

4. Hartree Theory 1928 

Trial Wave Function χ1(x�1)χ2(x�2)

Go from a many bodied problem to a single electron problem. 

ρj → electron density of j. 

ρj(�r) = Ψ∗ r)Ψj(�r)
j (�
Sooo... 

N N N

r�i − r�j 
→ 

r�i − r�ji i<j j =2 
| | 

and that is the “Mean Field Term.” 

1 χ1(x�1)χ2(x�2) 

−1 N

2 

N M�
 Zk2 
i − + 

N

r�i − R�k r�i − r�jj=2 
| | 

ρ(r�i)
HHartree 

1 = dri 

i i j 

HHartree + HHartree ... + HHartree Summed up from for each electron. 1 2 N 

χHar Thus, we solve H1 
Har (1) = �1χHar (1)1 1 

Example 
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2 RICK RAJTER 

Initially 

χ1(1)χ2(2)χ3(3) 
↓ 

χ1(1)χ2(2)χ3(3) 
↓ 

χ
� 

2(2)χ3(3)1(1)χ
� 

↓ 

χ
� 

2(2)χ
� 

1(1)χ
� 

3(3) 
↓ 

χ1 (1)χ
� 

3(3)2(2)χ
� 

↓ 

χ1 (1)χ
�� 

3(3)2 (2)χ
� 

↓ 

Convergence! 

The major problem left to deal with is the fact that χ1(x�1)χ2(x�2) is symmetric in 
regards to exchange of electron positions. Thus, we need to make it 
antisymmetric by converting via a slater determinant. 

5. Slater Determinant 

1
Ψ(x�1, �x2) = √

2
[χi(x�1)χi(x�2)− χi(x�2)χi(x�1)] 

1 
= √

2 
χi(x�1) χi(x�2) 
χj(x�1) χj(x�2) 

The above is known as a ”Slater” determinant. 

Now, we want to expand this relationship for an Nelectron system. 


χi(1) χj(1) χk(1) 
χi(2) χj(2) χk(2) 

. . . 

. . . 

. . . 
χi(N) χj(N) χk(N) 

1
Ψ(x�1x�2x�3...x�N ) = √

N 

with each spin being orthonormal! 
x)χi�χ∗ 

i (� xdx = δij 

6. Hartree + Slater Determinant 

HHfΨo = EoΨ 
Reorganizing via multiplying each side by Ψ∗ 

HHfΨo x1d �Eo = Ψ∗ d � x2o

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

9
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



� 

� � 

� � 

�

� 

� 

� 

10.675 LECTURE 3 3 

� Zk 1 
HHf = 

−
2
1 �i 

2 − 
r�i − R�k 

+ 
r�1 − r�2

k 

1 1where is often written r1−r2 r12 

N � � Zk2Eo = d � a( � ]χa(x�1)x1χ
∗ x1)[

−
2
1 �i − 

r�i − R�ka k 

N � � � 
1 � N 1 

x1d � a(1)χ∗+ d � x2χ
∗ 

b(2) χa(1)χb(2)
2 r12 

N � � � 
1 � N 1 

x1d � a(1)χ∗+ d � x2χ
∗ 

b(2) χa(2)χb(1)
2 r12 

Term 1 is the energy of a single electron. Term 2 is the coulomb interaction 
between electron 1 and 2. Term 3 is the ”exchange” energy term. 
→ The exchange energy term is a result of using the slater determinant, which 
deals with the exchange of electrons. This is a correction to the ”mean field” term. 
→ To note, when a=b, the last terms cancel out. 

7. Symbolic Notation 

The above was a complete mess, to simplify we’ll use the following notation. 
� ZkThe single electron term h(1) = −1�2 

2� 1 − r1k 

The coloumb term: Jb(1)χa(1) = [ �d � b(2)r−1χb(2)]χa(1)x2χ
∗ 

12 

The exchange term: Kb(1)χa(1) = [ d � b(2)r−1χa(2)]χb(1)x2χ
∗ 

12 

Condense further to symbolic notation. 
Eo = a < a|h|a > + 1 < ab||ab > 2 ab 

And this is equivalent to the entire mess is the previous section. 
Let’s expand the last term just to be clear. 
1 < ab||ab >= 1 [aa|bb] [ab|ba]2 ab 2 ab − � 
In usage, this would appear as [ h(1) + Jb(1) − Kb(1)]χa(1) = �aχa(1)b=a 

and the term in brackets is called the ”fock” operator. 

8. Basis Sets 

|Ψ1(�r) 2dr2 = ρ1(r�1)dr1 which is probability of finding electrons. � i 

ρ1(r�1)d�
|

r1 = 1 over all space. 
A ”basis set” is a set of functions introduced to fit Ψ’s, but it’s not a rigorous 
basis set as solved analytically. 
Ψ(�r) = caua(r)a 

where ca is a complex number and ua(r) is the basis. Together, they form vectors. 
d�ru� 

∗ r)ub(�r) = δab when orthnormal 
ca = drUa 

∗(�r)Ψ(�r) 
a(�

9. Dirac Notation 

Ψ∗ r)Ψa(�r) =< Ψa|Ψb >=< a b > where : < a is called the ”bra” and b > isa(� | | |
called the ”ket” 

H is a linear operator. 

H(Ca|a > +Cb b >) = CaH a > +CbH b >
| | |
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4 RICK RAJTER � 
Ψ∗ 

aHΨ∗ 
bdr =< a |H|b > 

H is hermitian meaning H = H† 

< a |H†|b >=< b |Ha >∗ 

< a |Hb >=< Ha |b > 
< a |b > a is the complex conjugate. ⎛ 

H11 H12 ... 
⎞ 

The bras, kets define a matrix Hab =< a |H|b >= ⎝H21 

... 
H22 

... 
... 
... 

⎠ 

10. Hermitian Details 

Important properties 
→ Eigenfunctions are orthonormal 
→ Eigenvalues are real 
→ All observables are eigenvalues of hermitian operators 
→ dp(α) = | < Uα|Ψ > |2dα = probability of getting α. 
→ dp(�r) = | < �r|Ψ > |2 
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10.675 LECTURE 4 

RICK RAJTER 

1. Today


Dirac Notation 
→ 
→ Exploring PES 
→ Algorhythms for Geometry Optimization 
→ Zero Point Energies and Stat Mech. 

2. Concepts 

minima and transition states. 

3. PES  Potential Energy Surface 

C2H6).Example: Rotation of carboncarbon bond in ethane (

In general, one can look at Eo as a function of any parameter. In this example, we 

will use orientation. 

3N  6 degrees of freedom. 
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2 RICK RAJTER 

BO approximation (atoms are fixed, nuclei mass is infinite). 

4. Method 

Hmethod Ψi = �iΨii 

Hmethod = −1 2 
�N Zk + V method 

i r1K 12 � −
Where V1 varies depending on the method we are using. 

Examples of Methods: Molecular obital vs Density functional theory. 

V method 

�N � ρ(rj) d� i
χmethod + V Cmethod = i �N

j=2 r�i−r�j 
rj + V i 

d�Where ρ(rj) rj is the mean field term. j=2 r�i−r�j 

Vi
χmethod exchange term (pauli exchange) 

V Cmethod correlation term. i � 
Use a trial basis set Ψi = cijgj�N � 

i H
method SOLVE Eo = 1 Ψ∗ 
i Φid�r+ Nuc  Nuc terms. 

5. Solving 

Need to find cij ’s which minimize Eo. Here’s the detailed method. 
1) Choose molecule nuclear positions + num of electrons 
2) Choose method 
3) Choose basis set 
4) Choose initial guess for c�ijs 
5) Solve Eigenvalue equation for new cij’s 
6) Is Eold − Enew < AT OL ? 
7) If no, return to step 4 with new cij ’s 
7b) If yes, calculate the forces on the nuclei 
8) Is the force < forceAT OL? If yes, finished. 
9) If not, update geometry, goto step 4. 
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10.675 LECTURE 4 3 

6. Details 

Eelec = V nucleous = E(�x) meaning the energy of the electron is dependent on theo 

potential of the nuclei. 
x = 3N = (R1x, R1y, R1z, R2x, R2y, ... )

In the geometry optimization, we want to minimize such that 

dE/dx = 0or < AT OL.


txk+1) = Ek + �gk � (� xk) + 1 /2(� xk)T β̄̄k(� xk)expand Ek+1(� xk+1 − � xk+1 − � xk+1 − �
Where: k is the step 
�tgk are the gradient forces 
¯̄βk is the Hessian Matrix. 

¯̄ ¯̄SCF gives us Eo, �g. Then, update βk and it’s inverse Hk 
dEk+1 = �gk+1gk + β̄̄k(�xk+1 − xk) = 0dxk+1 

P step size to move atoms to next position. 
Pk = �
→ 

xk+1 − vecxk = β̄̄−1�gk = Hk�gkk − 

¯̄7. updating βk 

Method⎛ ⎜⎜⎜⎜⎜⎜⎝ 

→ steepest descent. 
1 0 0 0 . . 
0 1 0 0 . . 

⎞ ⎟⎟⎟⎟⎟⎟⎠ 

¯̄ 0 0 1 0 . . 
0 0 0 1 . . 
. . . . . . 
. . . . . . 

β = c 

c=1 or = 1 
Newton’s Method 
¯̄β → calculated explicitly (great for transition states) 

HkHk−1 − Hk−1Δ� g T ¯̄¯̄ ¯̄ ¯̄ gkΔ�k Hk−1 
¯̄Δ�T Hk−1Δ�gk gk 
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10.675 LECTURE 6 

RICK RAJTER 

1. Today 

→ Variational Principle 
→ Derive HF (HartreeFock) Equations 
→ Interpretation of Solutions to HF equations 

2. Variational Principle 

Idea: The closer our guess of Ci’s of Ψtrial , the lower our energy. 
Φ̃ trial function ⇒
E[Φ] =< ˜ | ̃˜ Φ|H Φ > 
Functional Definition : maps functions to numbers 

3. Functional Variation 

Φ Φ + δ˜vary ˜ ˜ Φ→
substitute in and solve 

˜ Φ] =< ˜ Φ H|Φ + δ˜E[Φ + δ˜ Φ + δ˜ | ˜ Φ >

expand this via linear first order term. 

E[Φ + δ˜ ˜ Φ|H Φ > + < ˜ | Φ > + higher order terms. 
˜ Φ] = E[Φ]+ < δ˜ | ̃ Φ|H δ˜
E[Φ + δ˜ ˜˜ Φ] = E[Φ] + δE 
Trying to approach the true solution such that H|Φ >= E Φ > δE = 0| ⇒
Normally, E will always be a min, so we don’t have to worry about local/global 

max solutions. 

There exists and infinite number of solutions. 


˜H|Φα >= Eα Φα >| ̃
α = 0, 1, 2... 
Eo ≤ E1 ≤ E2... 
H is hermitian 
H = H†, and Eα’s are real 
Φ̃α ’s are orthonormal. 
< ˜ ˜Φα|Φβ >= δαβ


Φα|H Φβ >= Eαδαβ
< ˜ | ̃

4. Expansion 

Expand trial wave function Φ̃ in terms of the eigenstates Φ. 
˜ � 
Φ >= α Cα|Φα > 

| ̃
�|

Φ >= � 
|Φα >< Φα Φ >α | ̃

Φ| = C∗< ˜ α α < Φα| 

Date: Fall 2004. 
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2 RICK RAJTER 

< ˜
� 

Φ|Φα >< ΦαΦ = α < ˜� 
< ˜

|

˜ ˜ 2
Φ|Φ >= 1 = Φ|Φα >< Φα Φ >= < Φα|Φ >< ˜
| 

α | ̃
� 

α | |
and 

˜ 2Φ|H Φ >= < ˜< ˜
� 

Φ|Φα >< Φα H Φβ >< Φβ Φ >= αβ| ̃
Φ H|Φ> 

P 
Eα|<Φα Φ> 2

| |P 
| ̃

� 
α Eα| < Φα|Φ > |

˜
α αE[Φ] = <˜ | = P 

| ̃
<˜ ˜Φ|Φ> α |<Φα Φ> 2

| = P Eα|Cα|2 ≥ Eo | ̃ | α |Cα|2 

Use variational principle to derive HF equations given the determinant 

|Ψo >= χ1, χ2χ3, ...χN >

Eo =< Ψ

|
o H||Psio >= Eo[{χα}]
|

Minimize with respect to χα’s functions w/constraint of χα’s being orthonormal. 
xχ∗d� a(1)χb(1) = [ a|b] = δab 

5. Lagrange Method of Undetermined Multipliers �N �N
L[{χα}] = Eo[{χα}] a=1 b=1 �ab([a|b]− δab)−
Where �ab are the undetermined multipliers. 
δL = 0δ�ab 
δL = 0δχa 

vary: χa → χa + δχa 

δL = 0δEo − 
�N �N 

�abδ[a b] = 0 a b |
δ[a|b] = [δχa χb] + [χa δχb]�N 

| |
δEo = a=q([δχa|h|χa] + [χa h δχa] 
+ 1 

b([δχaχa|χbχb] + [χaδχa χbχb] + [χaχa δχbχb] + [χaχa χbδχb])2 �a 

+ 1 
b([δχaχb χbχa] + [χaδχb|

|
χbχa] + [χaχb

|
δχbχa] + [χaχb

|
χbδχa])2�N

a | � � 
| |

= a = [δχa|h|χa] + a b([δχachia|χbχb]− [δχaχb|χbχa])+ the complex 
conjugate terms. �N � � 
δL = 0 = 1 [δχa|1|χa] + [ δχaχa|χbχb] [δχaχb|χbχa] |ab�a[δχa = χb]+ab − − |
the complex conjugate terms. �N � 
δL = a=1 dxδχa(1)[h(1)χ)a(1)+ 

�N 
b=1(Jb(1)−Kb(1)χa(1)− 

�N 
�baχb(1)] = 0b=1 

+ Complex conjugate terms. 

6. Continued... �N[h(1) + Jb(1) − Kb(1)]χa(1) = 
�N 

�abχ(1)b b 

”Canonical Form” via unitary transformation to diaganolize f |χa >= � χa >|
Canonical HF equations. � 
�a =< χa|f |χa >=< χa h + b(Jb − Kb) χa > 
=< a h a > +�b < ab ab|− < ab ba > |
=< a|

|
h|
|
a > + �< ab||

|
ab > where |a > ’s are occupied spin orbitals b 

�r =< r h|r > + < rb||rb > where r >’s are ”virtual” spin orbitals b �N �N 

|�N 

| �N
�a = a < a|h|a > + < ab||ab > a �� a b �N�N

Eo a < a|h|a > +1/2 < ab||ab >= �aa 

because of the coefficients on the double summation. 

Example: �a includes interactions with all other orbitals, as does �b, so they are 

being double counted in SCF. 


7. Significance of orbital energies (Koopman’s Thereom) 

EN = < a|h|a > +1/2 < ab||ab > o a a b 

when you take out one electron 
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Ec
N−1 = < a|h|a > +1/2 < ab||ab > anec anec bnec 

Ionization potential = EN−1 − EN 
c o � 

= − < c h c > −1/2 < ac||ac > −1/2 < cb||cb > � a b| |
= − < c h c > − < cb||cb >= �cb| |
”Electron Affinity” = EA = EN − EN+1 = �r = the energy of the system with an o r 

additional electron in the virtual levels. 
This is the ”frozen” orbital approximation. 

�� �r¯ ¯ 
← 

¯ ¯ 
¯ ¯ 
¯ ¯ 
¯ ¯�� �a
¯ ¯ 

← 

¯ ¯ 
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RICK RAJTER 

1. Today 

→ Meaning of HF Eigenvalues (Koopman’s Thereom). 
→ Restricted HF (Roothan Equations). 

Basis Sets → 
→ Orthoganalization 
→ SCF procedure 

2. Error Evaluation 

Reminder, �a’s are positive, �r’s are negative. 
Δ = true energy  approximation 

Approximation Energy Δ Energy Δ 
Frozen Orbitals (shell shifts) �a − �r −

No electron correlation (repulsion) �a + �r −
No Geometry Relaxation (sp3 to sp2) �a − �r − 

Note, the errors in the ”no electron” correlation cancel out. 

3. ”Restricted” (closedshell paired electrons) 

HF: The Roothan Equations. 
Ψi(�r)α(ω)

Integrate out the degree’s of freedom. χ(�x) = 
Ψj(�r)β(ω) 

f(� x) = �iχi(� x)Ψj(�r)α(ω1) = �jΨj(�r)α(ω1)x)χi(� x) = f(�
solve for spin β 
[ dwqα(w1)f(�x)α(w1)]Ψj(�r) = �jΨi(�r) 

x1) = h(�r) 
�N � 

dx2χ
∗ x2)r−1(1 − P12)χ2(�Plugin f(� 1(� x2)�N �N/2 + 

�N/2 
c 1 

c → cα cβ 

f(�r1)Ψj(�r) = h(�r1)Ψj(�r1) + �N/2 
dw1dw2dr2α

∗(w1)Ψ∗ 
1(r2)α∗(w2)r−1Ψi(r2)α(w2)alpha(w1)Ψj(r1)+C 12 

Exchange terms 
Cancel out orthogonal terms. 

f(1) = h(1) + 
�N/2[2Ja(1) − Ka(1)]a⇒

fΨj(�r1) = �jΨj(�r1)

Meaning only spatial orbitals are left after integrating. 


Date: Fall 2004. 
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4. Basis Set 

Functions are not necessarily orthonormal.�kΨi µ=1 Cµφmu 

i = 1, 2, 3, 4, ...k 
Where Ψi is the spatial vector, and φ is the trial expansion. 

5. Roothan Equations 

¯̄ ¯̄ ¯̄ ¯̄¯̄FC = SC� 
Where �̄̄ is the diagonal set. 

2Density Matrix ρ(�r) = 2 
�N/2 |Ψ1(�r)

= 2 
�N/2 � 

C∗ φ∗ r) µ

a 

Cµo 
φµ(r)

|
r(�� a ν vo 

= µν 2( 
�N/2 

CµCnu)φµ(�r)φ∗ 
ν(�r)a 

= µν Pµνφµ(�r)φ∗ r) 
¯̄ ¯̄ ¯̄

ν(�
Pµν is the density matrix P F (P )� � ⇒
f ν Cνi

φν = �i Cvi
φi 

Multiply by * and integrate. � 
dr1φ

∗ fφν = � dr1φ
∗ ⇒ ν µ � ν Cvi νφµ


The first term ( dr1φ
∗ fφν) is the Fµν ”Fock” matrix. The second term 
µ

(dr1φ
∗ 
νφµ) is the Sµν overlap matrix. 

6. Solving Roothan Equations 

Solve self consistently through basis set orthogonalization. 
drφ∗ 

µ(r)φν(r) = Sµν

¯
¯We want a transformation matrix X that will orthogonalize S such that 

φ� = µ φνµ 

µ = 1, 2, 3, 4, ...k 
drφ∗ �ν(r)φν(r) = δµν 

dr[ x∗ φ∗ 
λ(r)][ χσφσ(r)]σδµν� 

= � x� λµ

= χ∗ 
λ σ λµ ... 

¯̄ ¯̄ ¯̄ ¯̄X + SX = 1 with many possible choices of X 
¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄X = S−1/2 S−1/2S ̄̄S−1/2 = S−1/2S̄̄1/2 = S0 = 1 
¯̄ ¯̄ ¯̄ ¯̄¯̄

⇒ 
¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄FC = SC� let C = XC �FXC � = SXC �� 

¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄ ¯̄Multiply by X∗ so F �X∗FX then F �C � = C ¯̄� 
Transform to real C’s. 

7. SCF  Self Consistent Field Procedure 

1) Specify System: Nuclear positions (�rk’s), Atomic #’s ( Zk’s), # electrons N, 
”basis set” (φµ) 
2) Calculate Sµν , Hµν = drφ∗ hφν , and ( µν, λσ)µ

¯̄ ¯̄ ¯̄3) Diaganolize S X = S−1/2 

¯̄
⇒

4) Guess P (density matrix)
¯̄5) Calculate F (fock matrix)

¯̄ ¯̄ ¯̄ ¯̄6) F � = X∗FX 
¯̄ ¯̄7) Diagonalize F � C �and�̄̄

¯̄ ¯̄ ¯̄
⇒

8) C = XC � 
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9) Calculate a new ¯̄P from ¯̄C 
10) Converged? Yes, done. No, goto step 5. 
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RICK RAJTER 

1. Today 

”Basis Sets” 
→ Linear combination of atomic orbitals (LCAO) 

contraction → 
→ split valence 
→ polarization functions 

diffuse functions → 
→ basis set super position error (BSSE) 

2. Basis Sets 

2 types: local and nonlocal. 

Localized basis sets (what gaussian uses) 

Nonlocalized basis sets (plane waves) 

frequencies are much less sensitive to basis sets than the energy 

Zero point energy is a destabilizer. 

3NkT Rotational 2 →
3NkT Vibrational 2 →
LCAO choose a ”basis set” for each atom and sum them for the ”molecular” →
basis set. 

−ζr 

Example, Slater orbitals. f(x, y, z)e−αr = ( (2ζ)n+1/2 
n−1e ao 

[(2n)!]1/2 )r
 Numerical 
 Gaussians 
s : ce−αr2 

p : c�xe−αr2 
... (3 total) x,y,z 

d : c��x2e−αr2 
... (6 total) xx, yy, zz, xy, yz, xz 


Examples of ”Basis Sets” 

”Minimal basis set”  fewest # of functions needed to treat all electrons. 

H1 Li2 C3. 


3. STO3G (Slater Type Orbital) 

3 Gaussians  Good description, but pain to integrate. �kΨi = µ=1 Cµφµ 

φµ = φSlater = p dp � gpµ 

dp are the coefficients. gp are the gaussians. Each gaussian is a primitive 
functions. dp’s are fixed, a ”contraction” of the basis set. 
Coefficients, dp’s, and α’s in gp’s determined ahead of time by fitting to atomic 
data. 

Date: Fall 2004. 
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slaterfunction − φslaterexpansion �nl = (φ )2drnl nl 

minimize �nl � 
Φi = µ Cµ p dp � gp for H atom. 

STO3G’s almost never used as it’s HIGHLY INADEQUATE. 

Why? Too small, no robust to chem changing environments, and they don’t treat 

anisotropy.

Solution? Better to express orbitals as summation of diffuse and contracted 

functions.


4. 321G, 631G split valence basis set. 

K − K �K ��G form 
K gaussian for each inner shell (nonvalence) 
K � contracted gaussians for each valence orbital 
K �� diffuse gaussians for each valence orbital �kk� k�� 

dnlk � gl(αn, k, �r)φnl = k=1 

coefficients are found by minimization of the total hartreefock energy of the 

atoms.

So optimized for hartreefock, but still is no anisotropy taken into account. 


5. Polarization Functions (631G* and 631G**) 

Polarization functions are important for polar molecules 
They allow for nonuniform displacement of charge around nucleous 
include functions of higher angular momentum 
s + p = hybrid sp orbital 
term λ used to strike a balance between ratio of s and p. 
Examples 631G* and 631G** 
* → add 6 d Gaussians to each ”heavy” atom (ie nonhydrogen) 
** → 2nd star means p functions to hydrogen and helium. Optimized to HF 
energy. 
6311B ** → designed for correlation coefficients found by minimizing atomic 
MP2 energies. 

6. Diffuse Functions (321+G*, 631+G*, 321++G*, 631++G*) 

Previous basis sets designed for systems w/relatively tight bound electrons (ie not 

anions) + means adding additional s and p functions optimized for depronated 

hydrides ( Li− and BeH−).

K − K �K ��K ���


++, 2nd plus means adding diffuse functions to H, 1st plus means diffuse 

functions on nonH atoms. 

K �� is the diffuse functions, K ��� is more diffuse. 

Note: Absolute energies are far from conserved, binding energies are much closer 

to convergence. 

631++ G** is still not big enough. Additional functions (typically higher order 

angular momentum functions) 

631++G(3df,3pd) adds higher orbital angular momentums. 
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RICK RAJTER 

1. Today


Finish basis sets 
→ 
zeta basis set → 
BSSE → 

→ explanation of test of basis sets 
→ correlation (CI and MP) 

2. Basis Sets 
−ζr 

nZeta = ( (2ζ)n+1/2 
n−1e ao Yl (θ, φ)

[(2n)!]1/2 )r
Zeta’s CCPV*Z, AUCCCPV*Z 
AUG diffuse functions →
* → variable... D double, T triple, Q quadruple, 5 quintuple. 
double means use 2 gaussians to describe each set 
p → polarization 
cc → correlation consistent (electrons optimized) to reproduce atoms energies 
(CISD). 

3. Basis Set Superposition Error  BSSE 

”localized” LCAO 

2 atoms A and B... Individually, they are an incomplete system (which we will 

say is a combination of the two). 

incompleteness if compensated in the molecule due to the other molecule. The 

isolated incomplete basis sets complete/help each other. 

The problem: Bond energy over predicted due to change in completeness from A 

+B → AB independent of method. 

Basis Set Limit: extrapolation to the max # of basis sets to still minimize energy. 

Solution, use both incomplete orbitals on each atom (named Counter Poise 

Correction).

Include the basis function, but no nuclei of the other molecule. This 

overcompensates arbitrarily. 

Try bigger basis sets to confirm if ”average” is 1/2 


4. Correlation 

 Correction beyond mean field approximation 
 exchange is a correction to the mean field 
 HF exchange 
 HF correlation 

Date: Fall 2004. 
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 Nonrelativistic 

5. HF Approximations 

1  No correlation 
2 BO approximation 
3  Incomplete Basis Set 
4 Non Relativistic 

6. Correlation II 

Ecorr = �o − EHF �o = exact nonrelativistic energy of the system EHF = 
HartreeFock energy in the basis set limit Ecorr = is essentially the correlation or 
”error” of the hartreefock energy. 

7. Experimental Comparisons 

→HF generally overestimates the vibrational frequencies by 10%  heuristic rule. 

We can correct via scale factor, which is typically set to 0.84. 

HF geometries are generally pretty good to within 0.01 ˚
A 
HF typically not very good with bond energies. 

Molecule pieces 6− 31G ∗ ∗ Experimental 
H3C − CH3 H3C � �CH3 69 97 
HO −OH OH � �OH 0 55 
F2 F � �F −33 38 

Lack of correlation is killing HF 
Dipole moments are often incorrect 
Some molecules will not bond when they should. 

8. Correction 

Configuration Interaction (CI) 

{φi(x)} complete set basis functions then any function Φ( xi) described by 


i aiφi(xi) coefficients. � 
What about Φ( x1, x2) = i ai(x2)φi(xi) 
= i j bijφj(x2)φi(x1)

Φ must have proper antisymmetric behavior Φ( x1, x2) = −Φ(x2, x1)

bij = −bji


Φ(x1, x2) = i j bijφi(x1)φj(x2)− φj(x1)φi(x2)

Can expand Φ( x1, x2) in terms of determinants formed from a complete set of 

1variable functions. 

New variational problem, find the coefficients. If the basis set is complete, then 

the lowest eigenvalue of Φ is the exact nonrelativistic solution. 

CI is extremely costly. 


9. Perturbation Theory 

HΦi = (Ho + V )Φi = �iΦi 

Where V is the perturbation or ”correction” to the HF hamiltonian V λV� →�N �N 1V = i i<k rij i(ji − ki) 
EoΨoWe know that HoΦi = i i 
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Now we perform a Taylor Series expansion. 
�i = Ei

o + λE1 + λ2E2 + ...i i 

Φi = Φo
i + λΦ1 + λ2Φ2 

i i 

Plugin and solve. � 
rs Φrs Φ = coΦo + ra 

cr Φr + a<b,r<s cab ab + ...a a 

Which are the ground, singlet, and doublet states... 

(H + λV )(Ψo + λ1Ψ1 + λ2Ψi 

2) = (Ei + λE1 + λ2Ei 
2)(Ψo + λΨ1 ...)
i i o i i i 

equate coefficients of λ 
λ = 0 HoΨo = Ei

oΨo 
i i 

λ = 1 HoΨ1 + V Ψo = Ei
oΨ1 + E1Ψo 

i i i i i 

λ = 2 HoΨ2 + V Ψ1 = Ei
oΨ2 + E1Ψ1 + E2Ψo 

i i i i i i i 
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RICK RAJTER 

1. Today 

→ MP2, 3, 4 
DFT Intro → 
DFT Theorems → 
DFT Functionals → 

2. Methods 

CarParrinello Molecular Dynamics  Works using plane waves. 
CI, can only be used for small systems because it scales as N! 

kt 
RT Transition State Theory Ka = h e
−ΔG 

3. Perturbation Theory 

Perturbation needs normalization 
ΨoΦidr = 1

→ � i 

Ψ∗
i
oΨn = 0 n = 1, 2, 3, ...� i 

Eo = � Ψi 
∗oHoΨo

i dri 

E1 = � Ψ
∗oV Ψo

i dri i 

E2 = Ψ∗oV Ψ1 
i dri �i 

let Ψ�
i = C � Ψo 

n m 

But we know ( Ei − Ho)Ψ1 = (V − E1Ψo
i ) from first order expansion of Ψ1 

i i i 

Substitute into and multiply by Ψo 
m 

⇒ m(Ei
o − Ho) C � Ψo = drΨo 

m(V − Ei
�)Ψo � drΨo � n m � i � 

Eo 
m(Ei

o − C �
n)Ψo = drΨo V Ψo

i − Ei Ψo Ψodr= drΨo 
n n n m m i 

for m = n or terms = 0 
Solve for Cn’sR 

o
n V Ψo

iΨ
C � = n o

iE −Eo
n 

Use to calculate first, second order calculations. 
Ei 

2 = Ψi
oV ΨRi

�dr = Ψi
oV C � Ψo dr n n n

o
n 

o
i 

o
n drV ( drV V Ψ )Ψ= Ψi 

∗o 
o
iE −E

2 

o
nR� P 

iΨ∗o 

E

o
n( V Ψ dr)= o

i −Eo
n 

Now, we plug in V. 
1Ei = 

� 
Ψo( 

�N �N
ri−rj 

− 
� 

Ji − Ki)Ψodr First order correction o � � � � 
⇒ 

= 1 b(Jab − Kab)− b(Jab − Kab)2 a � a 
1= Eo + E1 = a �a − 2 a b(Jab − Kab) = EHF 

o o 

Where the coefficient of 1 
2 is to eliminate double counting. 

Date: Fall 2004. 
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This Mean’s that the 2nd order term is actually a first order correction. 
1 Ψrs � � � � ( Ψo i j<i r12 abdridrj)2 

E2 = b < ao �a + �b − �r − �s a r r<s 

MP2, 2nd order comes from double excitations. 

4. MP vs. HF comparisons 

How does it stack up? Gaussian can do up to MP5 

Relative Timing on methylamonium with (631G* Basis Set) 

HF 1.0 (reference state) 

MP2 1.5 

MP3 3.6 

MP4 5.8 

So, less than an order of magnitude difference in time scale. 

Why is it not more expensive? Hartree mean field is essentially double counting, 

which MP eliminates. 


5. Bond Energy Comparisons  Ethylene 631G** Basis Set 

(CH2 = H2C) + 2 H2 = 2CH4 

Method CalculatedEnergies RXNEnergy 
HF −78.03884 −64 
MP2 −78.31682 −60.9 
MP3 −78.33998 −62.4 
MP4 −78.344 −61.3 
MP5 −78.35306 −59.7 

All energies are in hartree’s. Experimental zero point corrected energy is 57.2 

hartree.

Need to subtract off zero point energy data from bond vibrations. 

CO hartree theory completely messes up the dipole moment, even predicts the 

opposite sign! 


6. Density Functional Theory  DFT 

In hartree theory, we have minimized the energy functional E[Ψ] = if ρ(�r) is the 

external potential (nuclei), it defines the hamiltonian for an N electron system. 

Question, can we express E in terms of ρ(�r) such that E = E[ρ]?

First Thereom. (HohenbergKohn, 1964) 

v(�r), and thus the many body ground state (no excited states) is determined 

uniquely by ρ(�r) for an Nelectron nondegenerate system (within a trivial 

additive constant). 

If we know ρ(r) of the ground state, then we know v(r) and ground state energy, 

as well as all other measurable properties. 

The proof is in the pudding... or in the first section of the paper. 

Essentially, it’s not possible to give 2 different v(r)’s for the same potential well. 

v(r)→ ρ(r) uniquely

v�(r)→ Ψ�(r)→ ρ(r)

v(r)→ Ψ ρ(r)
→ 
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From variational principle, we know that Ψ� = Ψ unless v�(r)− v(r) = constant or 
0. Assume it’s not true for ρ. 
E�[Ψ�HΨ�]� = Ψ�HΨ� < ΨH �Ψ 
E� < E + (v�(r)− v(r))ρ(r)dr 
Do the same for E 
E < E� + (v(r)− v�(r))ρ(r)dr

Which results in E + E� < E + E� and that can’t happen. 

So, we can’t get the same ρ from 2 different external potentials. 
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10.675 LECTURE 11 

RICK RAJTER 

1. Today 

→ 2nd HohenbergKohn Thereom 
→ Kinetic Energy 

Thomas Fermi → 
KohnSham Orbitals → 

→ Spin DFT 
Gradient Corrected ”NonLocal” Functionals → 

2. 2nd Thereom 

Variational principle as applied to DFT, for trial density ρT (r) 
such that ρT (r)dr = N electrons 
Eo ≤ Ev[ρT (r)] 
Ev[ρ] = v(r)ρ(r)dr + F [ρ]

where v(r) are the nucelec interactions, F [ρ] is the electron KE + elecelec 

interactions

F [ρ] = Ψ∗(T + U)Ψdr 
Where T = KE, U = elecelec 
Ev[ΨT ] = ΨT∗(T + U + V )ΨT dr > Eo[Ψ] 

2ρ(r) = |Ψ(r)|
So far, all we’ve dealt with is the ground state energy... Only HF can deal with 

excited states. 

E[ρ] = T [ρ] + N [ρ] + U [ρ] + ( Nuc/Nuc)

T is KE, N is Nucelec, U is elecelec. 

T [ρ] is the Thomas fermi theory ⇒ choose the form of T [ρ] to be that of a gas of 

free homogenous electrons. 


1 2πfor no potential (particle in a box) Ψ = 
v1/3 e

ikr , kx = lx 
nx 

TTF [ρ] = Cf ρ(r)5/3dr⇒ 
3Cf = 10 (3π2)2/3


”local” functional. 

E[ρ] = T [ρ] + N [ρ] + J [ρ] + X[ρ] + C �[ρ]

J is the ”mean field” coulombic interaction term, X is exchange, C is correlation. 

It doesn’t work well, using local functionals is disastorous. TTF [ρ]

→ No covalent bonding ever occurs in this model, ”Teller” thereom... because 

bonding for the most part is determined by changes in T. 

Similarly, Dirac developed a ”local” functional for electron exchange. 

Xρ[ρ] = Cx ρ4/3(r)dr 

3 
π )1/3Cx = 4 ( 3 
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Xα theory, is similar but additional 3/2 constant 

3. KohnSham Orbitals �N 2T = p(1)( −2
1�i )Ψpdr p�np �Ψ∗ 

ρ(r) = p np Ψ∗ 
p(1)Ψp(1)dr 

Rigorously, for any interacting systems. contains ∞ # of terms 

Clever idea from KS → choose a noninteracting reference system. 

n� s 1 for the lowest n orbitals, all other n� s = 0, still fermions can’t occupy the 
p p⇒
same orbital ��N �

p(1)(−1 1TS = p=1 Ψ∗ 
2�

2)Ψp(1)dr �N
ρ(r) = p Ψ∗ 

p(1)Ψp(1)dr 

E[ρ] = TS [ρ] + N [ρ] + J + X + C � + ( T − Tx) 
Let C = C � + T − TS 

Let Exc → exchange correlation functional, Exc = X + C�N
E[ρ] = p=1 |Psi∗ 1 

p − 2�
2Ψp + J + Exc + v(r)ρ(r)dr 

KohnSham orbitals are auxilliary, needed to solved but they don’t really have a 
physical meaning. 
If there exists a noninteracting reference state w/density ρ(r) 
How can we calculate Ψp’s. Analogous to HF equations. �Ndefine Ω[Ψ� s] = E[ρ]− 

�N 
�pq Ψ∗Ψqp p q p

where �pq is the lagrange multiplier, set dΩ = 0 
1 δJ[ρ][− 2�

2 + Vef f ]Ψr = 
�N 

�pqΨq where Veff = v(r) + + δExc [ρ] R q δρ δρ 

1 2 + v(r) + ρ(r)dr + Vxc(r)]Ψp = �pΨp[− 2� |r−r� |
Choose a basis expansion for KS orbitals ⇒ Veff solve iteratively. �N 1 

� � ρ(r)ρ(r� ) + Exc[ρ]E = p �p − 2 |r−r� − vxc(r)ρ(r)dr 

DFT is highly dependent 
|
on having an accurate Exc functional. 
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10.675 LECTURE 12 

RICK RAJTER 

1. Today


LSD
→ 
Functionals → 
Correlation Methods → 

→ CI, Partial CI 
→ G1, G2, G3 
→ Coupled Cluster, CCD, CCSD, QCISD 

2. LSD  Local Spin DFT 

Thomas Fermi is too hard to correct wave function, as TTF [ρ] would completely 

change it. 

LSD  Electrons can be unpaired here, as opposed to ground state paired methods. 

ρα, ρβ → densities of the α, β spins, either +/ 1/2. 

In the following derivations, σ is means either the α or β spin. �


� 2)Ψρσ 

1 
2[ρα, ρβ ] = φσ 

nρσ 
Ψ∗ 

ρσ 
(− 

b(r)ρβ)dr 

dr + J [ρα + ρβ ] + Exc[ρα, ρβ ] + v(r)(ρα −E

ρβ)dr + βeb(r)ρα − βe

Where b(r) is the magnetic field. 
set nρα ’s to 1 for the lowest KS orbitals w/normalization. 
Solve 2 KS equations 

1 
2
1 
2

α2 + Vef f )Ψrhoα
(− = �ρα 

Ψρα 

β2 + Vef f )Ψrhoβ
(−
For q 

= �ρβ 
Ψρβ 

= 1,2,3,4 ... N 
ρ(r)dr + δExc [ρα,ρβ ]α = V (r) + ef f which are the coupling terms. r−r� δρα| |

βsame for Vef f , substitute and solve for α and β 

NOW, all we need is an accurate Exc[ρ] 

3. Functionals 

LSDA  Local Spin Density Approximation. 
choose form of Ex and Ec from that of a homogenous electron gas → 
Ex[ρα, ρβ ] = Ex[ρα, 0] + Ex[0, ρβ ]→ 
Exonlydependsonthesamespings → 

= 1 
2

111
1

→for the spin compensated case, ρα 

, 0] + Ex[0, 

ρβ ρ= 
1 
2[ ] = Ex[ ] = 2Ex[ ρ, 0]Ex ρ, ρ ρ2 2 2 2

Ex[ρ]⇒
For the case when spins are not compensated. 
Ex[ρα, ρβ ] = 1Ex[2ρα] + 1Ex[2ρβ ] 

Date: Fall 2004. 
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Recall Slater Ex[ρ] = Cx ρ4/3dr 
4/3 + ρ4/3)drLSDA ELSDA [ρα, ρβ ] = 21/3Cx (ραx β 

Can take functional derivatives of ELSD 
x 

Vosko, Wilk, and Nasair parameterized a form for Ec from monte carlo data from 
a homogenous electron gas. 
EV WN ”local” thus developed. C 

Perdew and Zunger developed another correlation functional taking into account 
self interaction Epz 

c 

Errors as high as 30100 Kcal/mole. Local functional worked better than we 
might expect due to cancelation of errors. 
Elocal give Ec about 2x to high. Elocal gives Ex about 10% too low. c x 

Ex 10 ∗ Ec and thus the errors cancel. 

4. Corrections to local density approximation 

ELSD [ρα, ρβ ] = � drρ�xc(ρα, ρβ)xc 

ELSD [ρα, ρβ ] = drρ � f(ρα, ρβ)�ρα,�ρβxc 

Where CGA means the generalized gradient approximation. 
Becke’s correction to ELSD 

2 

ELSD x drσEB = x − β 
� 

α 

� x 
4/3 

x ρσ 1+6βxosinh−1(xσ) 

xσ = |�ρσ|
4/3


ρσ


β is fit to ”exact HF exchange” energies of 6 noble gas atoms from He to Ne. 

Becke chose β = 0.0042

Other functionals: BLYP, PW91, PB (exchange and correlation) 


5. Adiabatic Correction Method 

Incorporation of the ”exact” exchange. � 1
Exc = 

0 
Uxc(λ)dλ λ = 0 no interaction λ = 1 full interaction. 
Eexact + C1U

LSDA Exc = Co �x xc 

ULSDA = Uxc[ρα, ρβ ]drxc 

Find coefficients by fitting eg atomization energies of small molecules 
B3LYP 
B represents the type of exchange 
3 represents the number of parameters used 
LYP is the correlation method used. 

6. DFT 

→ incorporation of the electron exchange at the cost of a HF calculation. 
→ BUT, no a priori rule for knowing what function is more accurate than another. 
→ No method for getting more and more accurate correlation. 
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10.675 LECTURE 13 

RICK RAJTER 

1. Today 

→ project description and literature search 
CI revisited → 

→ partial CI, CID, CISD, MP 
→ CoupledCluster, CCD, CCSD, QCISD 
→ G1, G2, G3 and comparisons 

2. Concepts 

CI 
Size Consistent → 

→ Variationality 

3. CI vs DFT 

Extremely expensive and can only take into account a few atoms 
DFT: Cost of a HF, but includes correlation 
However, DFT has no systematic way of getting more accurate with computation 
resources. Meaning, there is no way to know if we are more or less accurate. 
CI, recall that with a large enough basis set, gives the exact, nonrelativistic 
energies. � 

CrΨr Crs Ψrs Φo = CoΨo + ar a o + +a<b,r<s ab ab

Ψ → HartreeFock determinants ”single excitations” of HF determinants. 
CI size consistent variational (method is equally accurate for systems with →
different number of electrons. 
DFT/HF also has these properties 

4. CI Problems 

Scales wtih N!, where N is the # of basis sets. 

Partial CI terminates the full CI series 

CID → configuration interaction doublets 


Crs Ψrs ΦCID = Φo + a<b,r<s ab ab 

Can include singlets, CISD, but they do not contribute much to the correlation. 
GID, GISD are the key words. 

Date: Fall 2004. 
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5. CID 

HΦCID = �CIDΦCID subtract EoΦCID 

Eo is the HF energy. 
ECorr (H − Eo)ΦCID = (�CID − Eo)ΦCID = ΦCID CID 

Multiply by Φ and intergrate. 
HΨrs ECorr a < b, r < sCrs Φo abdr = CID �ab � � 

Ψtu Crs Ψtu 
o)Ψrs Mult by Ψtu 

cd and integrate cdHΨodr + a<b,r<s ab cd(H − E ab 

= Ctu Ecorr 
cd cd 

Can use these equations to find ECorr 
CID (similarly w/CISD) 

Variational and NOT size consistent 
A and B in separate cells vs AB 
Calculate as separation goes to ∞
Ecorr < Ecorr + Ecorr


A
| A∞B | | B |
A||B double excitations in both 
A↔ B double excitations of the entire system., but not double excitations of A 
AND B together. 
Extreme Case, XL system (infinite) 
ECorr 

CID per atom → 0. 

6. MP 

are size consistent → 
Not variational → 

→ convergence slow with respect to terms in perturbation. 

7. Coupled Cluster Method Approximations 

Ignore singlet/triplet/etc excitations from CI wavefunction 
Φcc 

� 
rs Ψrs 

�r<s<t<u rstu Φrstu = Ψo + a < b, r < scabo ab + a<b<c<d cabcd abcd 

One can show that higher order coefficients 
Crstu Crs 

ab ∗ Ctu 
abcd cd 

where * means the summation of the products of the doublets 
rs Φcc = exp(τ)Φo, τ = 

�r<s 
ra
†abaaa<b caba

†
s

Where the terms on the right are the creation/annihilation operators 
CCD → coupled clusters w/doublets 

8. CCSD 

There is a way to incorporate single excitations ⇒
size consistent → 
not variational →

QCISD is quadratic configuration, similar to coupled cluster methods 
CCSD → seen as the ”gold standard” from the chemists community. 
Tolerance of 1 Kcal/mole, which is the best we’ll get. 

9. G1,G2 methods 

G1, G2 methods → composite method for computing energies and enthalpies of 
molecules 
NEED 1) Geometry Equilibrium 2) Total Electronic Energy 3) Harmonic 
Frequencies 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

34
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



10.675 LECTURE 13 3 

Outline for G1 

I Optimize geometry (restriced HF/631G*) 

II Use equilibrium geometries from I, optimize again w/MP2/631G* 

III Perform MP4 SDTQ, 631G** on valence electrons only 

IV incorporate effects of better basis sets for diffuse sp functions 


ΔE(t) = E(MP4/6− 311 + G ∗ ∗)− E(MP4/6− 311G ∗ ∗) 
V Correct for additional polarization functions on nonH atoms 

ΔE(sdf) = E(MP4/6− 311G ∗ ∗(2df)) − E(MP4/6− 311G ∗ ∗) 
VI Correct for additional correlation effects 

ΔE(QCI) = E(QCISD(+))/6− 31G ∗ ∗ − E(MP4/6− 311G ∗ ∗) 
VII E(combined) = E(MP4/6311G**) + Δ E(t) + Δ E(2df) + Δ E (QCI) 
VIII HLC (higher order correlation) 

ΔE (HLC) = 5.95 Nβ  0.19 Nα


Nα > Nβ in millihartrees 

Numbers were chosen, so that Ee is exact for H atom and H2.


Ec = Ecombined + Δ E(HLC)

IX Calc Frequencies at HF/631G* and scaled by 0.893 ⇒ ZPE zero point energy 

X Eo = Ee + Δ( ZPE)

also calculate Δ Ho f , etc
rxn,ΔHo 

10. G2 

I. Additional basis set correction 
II. Correction to GI for a third d function to nonH, p function to H. 
Δ2E[MP2/6− 311 + G(3df, 2d]− E[MP2/6− 311 + G(2df, p)] 
III correction to atomization energies of 55 molecules w/well established 
experimental values. 
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10.675 LECTURE 14 

RICK RAJTER 

1. Today 

Introduction to Plane Wave Pseudo Potential Methods 
→ Electronic Structure of Extended Systems 

Bloch’s Thereom → 
Plane Wave Basis Set → 

→ Implementation of DFT Pseudo potentials 

2. MOT 

Molecular Orbital Theory 
→ 1D configuration of Hatoms 
Atoms 1 and 2 
Φ1 wave function centered around atom 1 
Φ2 wave function centered around atom 2 
Bonding ΦA = Φ1 + Φ2 

AntiBonding ΦB = Φ1 − Φ2 

The bonding state is energetically favorable in the band splitting that occurs. 

Move on to 3 atoms in a ring (1D line) 

3 energy configurations (2 unique) 

Lowest, Φ1 + Φ2 + Φ3


Highest Φ1 + Φ2 − Φ3 AND Φ1 − Φ2 − Φ3


Date: Fall 2004. 
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Every reverse of sign from neighboring atoms (1 links to 2, 2 links to 3, 3 links 
back to 1) is a node. Nodes are higher in energy from the band splitting. 

N atoms, 1 huge ring. 

Lowest energy is all wave functions of the same sign 

Highest energy is an alternating arrangement of wave functions. 

Each energy in between (combinations of + and ’s) creates a continuum of levels 

between the highest and lowest energy. 

with 1020 is a virtual continuum of levels. 
→ 

3. Notation 

The wave functions Φk’s are spaced ”a” distance apart. 
Φk = n e

iknaφn which is the generalized phase relationship 
k is the index or ”momentum” vector. →
This results from the translational symmetry of the system. 

πUnique values of |k| < +/− are in the first ”brillioun zone”. a 
E(k)− E(−k) from 0 to π/a and DOS (# of states between E and E + dE) 

4. Physics approach. 

Bloch’s Thereom. Given the Hamiltonian H = R +V(r) where 

V(r)=V(r+R)=V(r) for all R in a periodic lattice. 

Ψnk (r) = eikrunk(r) where unk (r) = unk (r + R)

k is the quantum # that characterized the translational symmetry of the system 

Periodic lattice. 1 cm3 1022 atoms 1017 on the surface. 

10−5 − 10−6 surface/volume ratio. 


5. reciprocal lattice 

k space 
The set of all wave vectors g that yield plane waves w/the periodicity of a given 
lattice is it’s reciprocal lattice. 
eig(r+R) = eigr eigR = 1⇒
Reciprocal lattice holds this equations 
Expand hnk(r) in a ”basis set” of plane waves w/periodicity of lattice 

cn(q)eigr = eikr kenk(r) = g Ψnk (r) q cn(q)eigr ⇒ 
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1Where do we stop? Choose an energy criteria and set of k’s Ek = 2 (k + g)2 < Ecut 

6. Advantages of method 

Syntax easier, no *’s, +’s etc etc 
Can methodically increase accuracy of your basis set 
BSSE is not an issue 

7. Disadvantages 

Must treat empty space 
Many plane waves needed (costly) 
Amorphous systems need to be large enough such that there is no periodic 
interaction. 

8. Misc 

For insulators and semiconductors, on the k point is used. The ”gamma” point. 
Another problem ⇒ plane waves don’t describe huge variations in ρ(r) well 
Solution → introduce pseudo potentials 
ρo(r) = k wk n |Ψnk(r) 2 where w is the weighting function |
In metals, small #’s of k’s are chose on a mesh that physicists have developed. 
Metals → k points used. 

9. Pseudopotentials 

⇒ treat only valence electrons explicitly 
can describe variations in ρ⇒ 
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10.675 LECTURE 16 

RICK RAJTER 

1. Today 

MD and CarParrinellow 
Summary of Localized BS vs NonLocalized 
MD 
Simulated Annealing 
CPMD 

2. Localized:Advantages 

Can treat only one molecule 
Integration is expensive 
Can incorporate exchange 
No correlation methods 
Can or don’t have to use pseudopotentials 

3. Localized:Disadvantages 

Can’t use HF forces (expensive otherwise) 
FFT (finite fourier transform) is harder 
More doesn’t lead to better results 
BSSE issue 

4. Nonlocalized:Advantages 

Use HF forces (cheap) 
Easier Integration 
FFT easy 
No Exchange terms 
No Correlation Methods 
More accurate w/more computation 
BSSE is not an issue 

5. Nonlocalized:Disadvantages 

Must treat empty space 
Must use pseudo potentials 

Date: Fall 2004. 
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6. MD  Molecular Dynamics 

Integrate numerically Newton’s equations of motion along a trajectory. 
1) Choose system and initial temperature and positions 
2) Computer other forces 
3) Integrate Newton’s equations of motion using finite differences and store 
important properties 
4) Analyze important properties 

7. Integration Methods 

Velocity Verlet 
Leap 
Gear 
Choice of Δt is of extreme importance. 
Velocity Verlet Algorhythm xk+1(tΔt) = xk(t) + vx(t)Δt + fk(t)(Δt)2 

2µk 

vk+1(t + Δ t) = vk(t) + fk(t+Δt)+fk(t)Δt2µk 

Eelec V potential , Tnuclear → 

8. Simulated Annealing 

Typically want 1fs for Δ t

Start out with high temperature and then ”cool” slowly by decreasing T. 

Designed by Kirpatrick, Gelati, Vecchi (Science 220 671 1983) 

Optimizing highly nonlinear complicated functions. 

Essentially, anneal slowly and thus lower the system to minimums. 


9. CPMD 

CP is the method 
MD is the method 

10. Lagrangian Formulation of Mechanics 

L = T (q̇�s)− V (q�s) Where T is KE, q̇’s are velocity, V is potential, q’s are 
position 
Lagrange’s equations of motion 
d δL 
dt (

δL 
δqi 

)− δqi 
= 0 

Combined with simulated annealing 
L = i 1/2µi dr|Ψki 2 (which is a CP trick to add the fictitious mass.) 
+ 1MṘ2 

|
i 2 � I − E{Ψki}{RI}

+ Λij( drΨ∗ 
ki(r)Ψk(r)− δij) 

The last term ensure orthogonality. 
Solve for Ψk’s and R’s simultaneously using simulated annealing. 
Main Issue: This approach assume BO approximation always 
⇒ No exchange between fictitious and nuclear DOF 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

40
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



3 

i 

1 
2 

10.675 LECTURE 16 

11. Misc 

µΨ̈ 
i = −δE + 

� 
p ΛipΨpδΨ∗


¨ −�REelec
MIRI =

Think of Characteristic frequencies of ˙
Ψ and Ṙ
Ψ̇ : wij(

2(�j−�i) )µ 

�j − �i ⇒ Band Gap 
Δ 0.1 fs 
≈ 1010THz 

µ = 300 au for Eg = 2.24eV 

Ṙ, Ω 4000 cm−1 100THz Enough to practically prevent change 
Method VERY problematic for metals. 
CP Irony: No one actually used it for it’s designed purpose! BUT, heavily used 
for computing the dynamics of systems for which QM is needed to describe well. 
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RICK RAJTER 

1. Today 

Running CarParrinello Code 
MD/CP Eqs 
MD trajectories 
CP input, output, results 

2. CarParrinello 

Initially, used to optimize the wave function and move nuclei at the same time. 
Uses a variety of solver algorhythms like velocity verlet 
CP equations use a fictitious mass, that is the trick. 
In MD, there is a period of time, called ”equilibration time”, where the system is 
in a nonphysical state due to the initial input coordinate and velocity guesses put 
in by the user. 
After that, the system is equilibrated and useful measurements can then be taken 
on the system. � 
Bobservable = 1 β(t)dt t�� −t� 

Date: Fall 2004. 

1 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

42
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



10.675 LECTURE 18 

RICK RAJTER 

1. Objective For Final Presentation 


Objective: What will you accomplish if you succeed. 
→ 
→ Motivation: Experimental and Computational Aspects 
→ Test: Compare with experimental and theory results 
→ Methodology and Validation: Known from literature, and compare to known 
methods 

Results → 
Conclusions → 
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RICK RAJTER 

1. Today 

Continuum Solvation → 
→ Onsager 

PCM→ 
→ Embedding, ONIOM 
→ QM/MM 

2. Solvation 

Looking at the dichloryl ethane in the gas phase (trans vs gauche positions) 

In the gas phase, we take the trans configuration as 0 energy, but the gauche 

configuration as 1 kcal/mole. 

In a solvent, both energies are essentially the same due to the solvents high 

dielectric constant. 

What is Δ Eelec,solv (solvation energy)? 

ΔEelec,solv Eelec,liq − Eelec,gas = 
Onsager’s reactions field method (JACS b8 (1936) 1486) 
Essentially, the solvation sphere is embedded within a system of liquid of 
dielectric value � 
Hrf = Ho + H1 where H1 is the perturbation of the solvent 
This is all done with gas phase calculations (HF¡ DFT, etc) 
a = 3Vm 

o 4πN 

H1 = −ˆ R where R is the ”reaction field” 
R = g�µ 

2(�−1)g = (2�+1)a3 
o 

3. Polarized Continuum Method  PCM 

Jacabo Tomasi and coworkers 
1) Choose �R 
2) Solve SCF Problem w/H 

R = g�3) Compute � µ 

if �R(3) ≈ R(1) then done 

Date: Fall 2004. 
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2 RICK RAJTER 

Δ E(gauchetrans) for 1,2 dichloroethane (STP) 

Medium � HF MP2 experimental 
gas 1 1 .96 1.64 1.20 
organicsolvent 4.3 0 .83 0.54 0.69 
pureliquid 10.1 0 .49 0.26 0.31 
acetonitrile 35.9 0 .30 0.09 0.15 

Assume solute has gas phase dipole moment µ but no charge. it’s just polarizable. 
Cavity is ”polarizable” w/charge distribution on surface of the cavity 
Treat the solute as a continuum charge distribution ρ(�r) in a cavity w/arbitrary 
shape. 
Describe polarization of infinite dielectric by the creation of surfaces w/density 
σ(�s) 
v(r) electrostatic potential 
vρ(r) + vσ(r) are from solute and surface respectively 
Sole �2v(r) = 0 and match the boundary conditions via v(s)− = v(s)+ 

( δv(s) = �( δv(s) 
δn 

)s− δn )s+ 

σ(s) = −[ (�−1) ]E(s)n = vσ Where E(s)n is the electric field produced by the 4π� 
solute.

H = Ho + vσ Solve this self consistently 


4. Embedding of Clusters (Sauer & coworkers) 

Faujisite = 144 Atoms 
ZSM5 = 288 Atoms 

proton affinity vs cluster size 

NumShells 
1 

PA(HF )/STO − 36) 
388.2 

HF (Mixed/Embedded) 
298.0 

2 381.0 299.4 
3 363 299.6 
4 391 299.2 
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3 10.675 LECTURE 19 

But, cannot treat breaking and formation of bonds. QM only for small systems 

Solution, combine the 2. 

E(s) = EQM (I) + EMM (o) + E(I − O) interaction term using mm ≈ EMM (I − O)

EMM (I − O) + EMM (O) = EMM (s)− EMM (I)

⇒ E(s) = EQM (I) + EMM (s)− EMM (I)

Now, let 

E(s) = EQM (c)+EMM (O)+EMM (I − O)− EMM (I− O)− EQM (L)− EQM (I− L)

but EMM (s) = EMM (C) + EMM (O) + EMM (I − O)− EMM (L)− EMM (IL)

E(s) = EQM (C) + EMM (s)− EMM (C) + Δ 

Δ = EMM (L)− EQM (L) + EM (I − L)− EQM (I − L)

If EMM ≈ EQM ⇒ Δ ∼
= 0 

5. QM/MM 

Type of method, ”double link atom” 

QM is in a certain region, the rest is standard MM. 
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10.675 LECTURE 20 

RICK RAJTER 

1. Today 

⇒ Exploring Complex Free Energy Landscapes 
Course Notes ⇒ 

⇒ Simple vs Complex Free Energy Landscapeds 
⇒ PS Time Scales, and what they can do. 
⇒ Thermodynamic Integration 
⇒ Blue Moon Ensemble (Constrained Dynamics) 
⇒ Transition Path Sampling 
⇒ Examples 

2. Simple System 

KAB , A → B 

Date: Fall 2004. 
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2 RICK RAJTER 

KAB = KbT 
h e 

−Gτ 
KbT 

ps (picosecond) time scales in CPMD 

What size Δ G can be overcome in 1 ps at room T? 

KbT = 0.6 Kcal/mole 


KbT1012s−1 = 6x1012s−1e 
−ΔG‡


ΔG‡ 1.1 kcal/mole 

Can we used information on ps time scales to somehow compute ΔG‡


3. Sampling 

For EKS , σ large. Large eV’s for ps energies 
but, for quantities related to free energy, sigma’s are an order of magnitude lower. 
Discretize the curve 
and small 1.1 kcal/mole variation in each space/region 

4. Thermodynamic Integration 

H1 → H2 Free energy state function can integrate on nonphysical pathway. 

H = (1 − λ)H1 + λH2 Where H1 Hamiltonian of state 1, H2 is the Hamiltonian of 

state 2. 

λ 0 to 1. � 1 � �
→ 

δH ΔF = F2 − F1 = dλ
0 δλ λ 

And F is obviously the free energy in this case. 

Even this approach can only compute small variations accurately. 


5. Blue Moon Ensemble 

Constrained Dynamics 
Compute rare events 
→ Carter et al. Chem Phys Lett. 156 (1989, 472) 
→ Sprik and Ciccotti JCP, 109 (1998) 7737 
dF = Z−1/2(−f+kTG) 
dq Z−1/2 

q 

Z, G → Mass weighted matrices 
f → Lagrange multiplier on force constraint 
If q is a simple distance constraint, dF = �f�qdq 
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3 10.675 LECTURE 20 

Perform at various q 
Most useful with ps timescale 
⇒ BUT... how do you know you’ve chosen the right q? 
q can be any constraint. 

6. Transition Path Sampling (TPS) 

“Throwing enough ropes over mountains in the dark” 

Idea is to try many paths over the potential energy surface. 

A B in many different ways. 
→
Transition path ensemble. Ensemble of all paths of temp, pressure, etc of interest 
that go from A to B in time τ 
ZAB (τ) is the partition function 
ZAB (τ) = KbTZA 

7. Comitter Probability Distribution 

One of the tools of TPS 
Allows us to test q 
1) Choose a point within the trans state ensemble 
2) Sample from MaxwellBoltzmann distribution n, �v where n is # of trajectories 
3) Propagate system forward in time 
4) Compute Pb → the probability that the system goes to B 
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10.675 LECTURE 21 

RICK RAJTER 

1. Today 

Rate Constants 
TPS→ 

→ Commitor Probability Distribution 
→ Transition Path Harvesting 

ChandlerBennet Formalism for Rate Constants → 
→ Examples 

Molden → 

2. TPS 

Many Pathways 

Find a saddle point, drop from each side 
Approach 
→ Postulate q 

→ Compute probability distribution 

→ If successful, compute D‡

→ If not, go back to postulating a new q 

Pick any pathway that connects A to B in time τ .

Pick another via a monte carlo pathway in space. 

→ Shooting  Take a point along the path and perturb the momentum. 

pi → δpi + pio


Date: Fall 2004. 
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2 RICK RAJTER 

Run it forward and backward to A and B within time τ 
→ Shifting  Take a path and shift it by Δx and run again. 

Stochastic → MD to create phase space. 

ZAB = K + ABτ
ZA 

How does one choose τ? It’s determined by the method you use, and it’s usually ¿ 

1ps.

It generally needs to be greater than the relaxation time. 


3. ChandlerBennett Formalism 

x(t) is a point in phase space (r,p) along a trajectory x at time t 
ha(x(t)) = 1 if system is in A, 0 if it’s not in A 
hb(x(t)) = 1 if system is in B, 0 if it’s not in B 

�ha(x(0))hb(x(t))�k(t) = �ha(x(t))�
Related to the rate at which system goes to B 

trxn e≈ KA →
−τ 

τr
−1xn = kA B + KB A→ →

Since system is almost always in A or always in B, �ha�+ �hb� ≈ 1 
τ 

trxn For barriers < KbT , k(t) reaches a plateau because e ∼ 1 
KA B = �ha(x(0))hb(x(t))� 

�ha(x(0))�→

K(t) = ν(t)P (x(τ)) = ν(t)P (L) Where L is the length, P(L) is the probability 
v(t) = �hb(x(τ))�AB 

KbTP (L) = e 
−ΔG‡ 

Recall from TST 
ΔG∗ 

KTST = KbT e KbT 

h 

KbTK = κkbT e 
ΔG‡ 

h 

If Δ G‡ ↔ ΔG‡
q 

then κ = h v(t)kbT 

so, can pick any q, and if you calculate v(t), can back out real reaction rate. 
Compute v(t) from harvesting TP trajectories 

go from A to B �hb�AB 

So, need to (in practice) get to a constant slope very quickly 
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10.675 LECTURE 24 

RICK RAJTER 

1. Today 

Surface Phase Diagram 
V,W interaction parameters 
E(p) where p=1 is occupied, p=0 is unoccupied 
E(p) = Vo + wipi + wijpipj + ijk pipjpk


Where the w terms are the energetics between the set occupancies. 

MC simulators to get convergence with NN energetic interactions. 

NEB  Nudged Elastic Band 

Change electronic Structure 

→ alloys 

strains → 
additives → 

→ steps 
Weighted Dband analysis 

Date: Fall 2004. 
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Basics of Running G03 on a PC 
10.675J/5.675J 

Fall, 2004 

The objective of using Gaussian in this course is to understand better chemical reactions and transition state 
theory, in addition to the computations of thermochemistry.  With this in mind, our objective is to give you 
simple, illustrative calculations, and to sacrifice accuracy for speed and simplicity.  Additional information 
can be found at the web site below: 

General Gaussian site: 
http://www.gaussian.com/ 

At this site, you can download the Gaussian03 manual or access the Gaussian03 manual on-line.  The 
syntax should not be too much different for Gaussian98 and Gaussian03.  

Also note that Gaussian’s units of energy is the Hartree, 
1 Hartree = 27.21 eV = 627.46 kcal/mol 

1. Run G03W from GaussView 

Start GaussView from the Start menu. 

Either open a previously saved file (.gif or .log) or construct a new molecule structure. 
Under the Calculate menu, choose Gaussian 

You now must choose a job type, typically Optimization or Opt+Freq. 
Optimization: geometry optimization of the molecule 
Opt+Freq: geometry optimization and then frequency calculation, including

    thermodynamic properties 

Next, you must choose a Method, including Basis Set. The Method is the type of quantum calculation and 
determines the accuracy of the calculation.   

The Basis Set is the mathematical description of the wavefunction that you will calculate.  In general, the 
bigger the Basis Set is, the better.   

Each homework set will tell you which Method and which Basis Set to use. 

Note that for methods that are not on the pulldown menu, you can either edit the .gif file (see two lines 
down) directly, or you can choose “Hartree-Fock”  and then type in directly the method that you wish to 
use in the line after “Additional Keywords:”. 

After setting the jobs, choose Submit 

Save the .gif file first (You do not need to add the .gif extension, since that is done automatically.), then the 
job will automatically run. 

The output file will have the same name as the input file, but with a .log extension. 

The other important file will be in the Scratch directory.  It will have a .chk extension, and will contain all 
important information. 

1
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1 

2. How to visualize frequencies and non-0 K properties 

1) You need to have performed an Opt+Freq calculation first.

2) In GaussViewW, go to File-Open and open the .log file. Next go to Results-Vibrations. 


3. 	 How to compute thermodynamic properties of molecules at conditions other than 1 atm and 
298.15 K 

1) You need to have performed an Opt+Freq calculation first.

2) Move the .chk file into the main G03W directory.  (It is likely in the Scratch directory.) 

3) You will now use the freqchk.exe utility. 

4) To do so, you need to first create an input file, called for example in.txt with the following


contents: 

<filename>.chk 
n 
Temperature in K
Pressure in atm 

y 

5) Open a DOS prompt and cd to the G03W directory 
6) Use the following command to compute the new thermodynamic data and output it to the file 

out.txt: 

freqchk.exe < in.txt > out.txt 

4. Performing a transition state calculation 

As discussed in class, finding a transition state is equivalent to finding a saddle point. A saddle point is a 
point on the energy hypersurface in which all first derivatives are zero and all second derivative but one are 
positive. The other derivative is negative (single negative eigenvalue). 

WARNING: Gaussian will find the closest saddle point, in other words, the closest point with one negative 
frequency (second derivative). It may not be the correct transition state.  You must visualize the frequency, 
as demonstrated in class, to determine whether this is correct or not.  If it is not, you will have to adjust the 
input reactant and product structures to be closer to the transition state structure that you are trying to find. 

1)	 Draw the product structure and choose Method and Basis set. 
2)	 Choose the “Opt+Freq” option for Job Type.  Also, choose Optimize to a “TS” and Calculate 

Force constants “always” which means to calculate force constants, at every point. The “Calculate 
force constants” will make the calculation much more expensive, but will give you a much greater 
chance of finding the saddle point.  This option makes the program calculate the force constants 
(second derivatives) analytically, as opposed to estimating them.  Why does this make such a 
difference? (Try without this option.) You might also need to add “noeigentest” in the 

keywords for opt to prevent it to stop whenever it finds a negative eigenvalue 

even it has more than one negative eigenvalues. 

A sample file, for the H-HBr reaction is below: (See also the next to the last example at the end of these 
notes.) 

%mem=6MW 
%nproc=1
%chk=HHBrReact.chk 
# opt=(CalcAll,ts) freq=noraman ublyp/3-21g 
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Title Card Required 

0 2 
Br 0 0.000000 0.000000 0.000000 
H 0 0.000000 0.000000 Z1 
H 0 X1 0.000000 Z2 

Z1 1.410000 
Z2 1.550000 
X1 0.000000 

(Don’t forget always to leave one blank space at the end.) 

5. Restart a Gaussian job from the checkpoint file. 
(Not necessary for SMA 5413, but OK to do.) 

In order to save computer time, restarting job from a previous run is possible.  For instance, we want to use 
more accurate methods or larger basis sets to calculate the energy or analyze the frequency from an 
optimized geometry of a previous run.  Say, we have a checkpoint file zh1.chk which is the result of a 
zeolite cluster optimization. If we want to use BLYP method and a larger basis set 6-31G* to calculate a 
more accurate energy of the cluster, a simple restarting input file can be generated like this: 

(single-point calculation, at a fixed geometry) 

%Chk=zh1 
#BLYP/6-31G(d) Guess=Read Geom=Checkpoint 

zeolite energy calculation 

0 1 

Save the file with whatever name you want, i.e. zh1_1.gif, and put the file at the same place as the zh1.chk 
file. Don't forget to leave a blank space after 0 1 in  zh1_1.gif.  Since the checkpoint file will be modified 
after the energy is calculated and the optimiztion is the most time-consuming part, ALWAYS 
REMEMBER TO KEEP A COPY OF CHECKPOINT FILE AFTER THE OPTIMIZATION IS 
FINISHED so that you won't have to rerun it if the checkpoint file is altered. 

(Geometry optimization) 

%Chk=zh1 
#BLYP/6-31G(d) Opt Guess=Read Geom=Checkpoint 

zeolite energy calculation 

0 1 

(Frequency and thermodynamic properties calculation) 

If you want to do a frequency analysis of the optimized geometry, just add one more keyword to zh1_1.gif 
as below: 

%Chk=zh1 
#BLYP/6-31G(d) Guess=Read Geom=Checkpoint Freq 

zeolite energy calculation 
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0 1 

(Geometry optimization and frequency calculation w/thermodynamic properties) 

%Chk=zh1 
#BLYP/6-31G(d) Opt Guess=Read Geom=Checkpoint Freq 

zeolite energy calculation 

0 1 
(Transition state calculation) 

%Chk=zh1 
#BLYP/6-31G(d) Opt=(CalcFC,TS,NoEigentest,MaxCycle=300) Guess=Read 
Geom=Checkpoint Freq 

zeolite transition state calculation 

0 1 

6. Meaning of sample input file 

%Chk=zh1 
#P BLYP/6-31G(d) Opt Guess=Read Geom=Checkpoint Freq 

zeolite energy calc
0 1 

%Chk=zh1 This sets the name of the checkpoint file to be zh1.chk 
# Starts the command line 
P Detailed output (blank for no detailed output) 
BLYP Choice of method.  Other possible methods are RHF, MP2, B3LYP, 
BPW91, SPL, etc. 
6-31G(d) Choice of basis set.  Other possible choices are 3-21G, 6-31G*, D95,
etc. 
Opt Optimize geometry (This is different for a transition state calculation.  See 
above)
Guess=Read Choose initial guess for the wavefunction from the checkpoint file 
Geom=Checkpoint Choose initial geometry from the checkpoint file 
Freq Perform a frequency calculation 
Zeolite energy calc Label with no meaning, except it must be there 
0 1 0=Charge, 1=Spin multiplicity 
   Blank space must be left here 
…   Geometry of structure follows 

4
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10.675 Assignment #1 
due 9/30/04 

1.	 Derive an expression for the total ground state energy of a two-electron system using Hartree-Fock 
theory. This should be done in terms of spin orbitals.  Identify the coulomb and exchange 
integrals, and explain their physical significance. 

2.	 Make yourself comfortable with the general derivation of this expression for N electrons.  
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0 

Solution to 10.675 Assignment #1 

1. Derive an expression for the total ground state energy of a two-electron system using 
Hartree-Fock theory. This should be done in terms of spin orbitals. Identify the coulomb 
and exchange integrals, and explain their physical significance. 

Solution: 
Two-electron system is fairly easy to deal with. Since we are doing the general derivation 
for N-electron system in the next problem, we will omit the repeated work here. Please 
refer to chapter 2.3.1 in Szabo and Ostlund’s Modern Quantum Chemistry (pages 64-66) 
for the detailed derivation of two-electron system. 

2. Make yourself comfortable with the general derivation of this expression for N 
electrons. 

Solution: 
For N-electron system, the Hamiltonian is: 

N N N 
1(H = ∑ i h ) + ∑ ∑ rij 

(1) 
i=1 i=1 j>i 

Where, i h ) − = 
1 
∇ i 

2 −∑ 
Z A(


2 A riA


In Hartree-Fock theory, we choose the form of the wave function to be that of single 
determinant, formed from spin orbitals: 

N ! 

|ψ >=| χ (1)χ (2) ⋅ ⋅ ⋅ χ (N ) >= 
1 ∑ (−1) Pn P {χ (1)χ (2) ⋅ ⋅ ⋅ χ (N )} (2)m n k N! n=1 

n m n k 

where Pn is an operator that generates the nth permutation of the electron labels 1, 2, …N 
and pn is the number of transpositions required to obtain this permutation. 

The Hartree-Fock ground state energy is: 
N N N 

0E =< 0ψ | H 0|ψ >=< 0ψ | ∑ 
= 

0 
1 

|)( ψ 
i 

i h < + > 0ψ | ∑ ∑ 
>=1 iji 

1 
rij 0|ψ > (3) 

Since the electrons in a determinant are indistinguishable, matrix elements of h(1) will be 
identical to those h(2), h(3), etc. Then we substitute eq. (2) into eq. (3). 

The first part of eq. (3) becomes: 

N 

<ψ | ∑ i h ) |ψ >= N <ψ | h(1) |ψ >( 0 0 0

i=1


N!


= 
1 ∑∫ dx dx 2 ⋅ ⋅ ⋅ dxN ×P {χ * (1)χ (2)* ⋅ ⋅⋅}h(1)P {χ (1)χ (2) ⋅ ⋅⋅}i m n i m n(N − )!1 i 

1 

N N 

= (N − )!1 1 ∑∫ dx1{χ
* ( )}1 h(1){χ ( )}1 = ∑< m | h | m > (4)m m(N − )!1 m m 

0 
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[Note: The reason that (N-1)! factor was added in the next to the last step is that in the 
sum over the N! permutations, electron 1 will occupy each of the spin orbitals (N-1)! 
times. And the integration over the other N-1 electrons will always give a factor of 1 
since the spin orbitals are normalized.] 

Similarly, we can get the second part of eq. (3): 
N N 

<ψ 0 | ∑ ∑ r 
1 
ij

|ψ 0 >= (5) 
i=1 j>i 

N ! N !( Pi
N N − 1) 1 ∑ ∑ (−1) (−1)Pj ∫ dx dx 2 ⋅ ⋅ ⋅ dxN ×P {χ * (1)χ (2)* ⋅ ⋅⋅} 1 Pj {χ (1)χ (2) ⋅ ⋅⋅}

!2 N i j 
1 i m n m nr12 

Because the operator in eq. (5) involves only electrons 1 and 2, it must be that other 
electrons occupy the same spin orbitals in both the ith and jth permutations, or we could 
get zero by orthogonality upon integrating over the coordinates of these electrons. If 
electrons 3, 4,…,N occupy the same spin orbitals in the two permutations and electrons 1 
and 2 occupy two spin orbitals, say χk and χl in the permutation Pi, then there are two 
possibilities for electrons 1 and 2 in the permutation Pj: They could either occupy the 
same spin orbitals χk and χl (same as Pi) or they could occupy χl and χk. 

Therefore, we can write eq. (5) as: 
N!1 
∫∑ dx dx 2 ⋅ ⋅ ⋅ dxN ×P {χ * (1)χ (2)* ⋅ ⋅⋅} 1 [P {χ (1)χ (2) ⋅ ⋅⋅} − P P {χ (1)χ (2) ⋅ ⋅⋅}]i m n i m n 12 i m n2(N − )!2 i 

1 r12 

For a reason similar to that in the first part, in the sum of N! permutations, Pi, electrons 1 
and 2 can occupy any two different spin orbitals χm and χn of the set of N spin orbitals. 
For each choice of these two spin orbitals there are (N-2)! Ways of permuting the other 
N-2 electrons among the N-2 remaining spin orbitals. Therefore, eq. (5) can be written as: 

N N 

<ψ 0 | ∑ ∑ r 
1 
ij 

|ψ >0 
i=1 j >i 

N N 
* 1 

= 
(N − )! 2 ∑ ∑ ∫ dx dx 2{χ (1)χ (2)*}
2(N − )!2 m n≠m 

1 m n r12 

(1− P ){χ (1)χ ( )}2 12 m n 

N N1 * = ∑ ∑ ∫ dx dx 2{χ (1)χ (2)*} 1 [{χ (1)χ ( { )}2 χ (2)χ ( )}]1− 
2 m n m n


m n≠m 
1 m n r12


N N1
2 

= ∑ ∑ < mn | mn < − > mn | nm > (6) 
m n≠m 

Combine eqs. (3) (4) and (6), we get: 
N N N 

E0 =<ψ 0 | H |ψ >= ∑< m | h | m + > 
1 ∑ ∑ < mn | mn < − > mn | nm >0 

m 2 m n≠m


N N N


= ∑< m | h | m + > ∑ ∑ < mn | mn < − > mn | nm > (7) 
m m m>n 
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For two-electron system, |ψ >=| χ (1)χ (2) >     (m=1, n=2 here), eq. 7 becomes: 0 1 2 
N N N 

E0 = ∑< m | h | m + > ∑ ∑ < mn | mn < − > mn | nm > 
m m m>n 

=< 1 | h | 1 < + > 2 | h | 2 < + > 12 |12 > − < 12 | 21 > (8) 
where <12|12> is the Coulomb integral, which represents the classical Coulomb repulsion 
between the charge clouds |ψ1(x1)|2 and |ψ2(x2)|2; <12|21> is the exchange integral. The 
appearance of exchange integrals in the energy of a Slater determinant is a manifestation 
of the fact that the motion of electrons with parallel spins is also correlated. 
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10.675 Homework #2 
due 10/7/04 

(Note: Do not wait until the day before to start these runs.) 

1) For the following gas-phase reaction: 

H2 + I2 Æ 2 HI 

(a) First optimize each structure using Hartree-Fock, 3-21G, (RHF/3-21G) and calculate 
thermodynamic data by performing a frequency analysis, including the change in standard-state enthalpy 
and Gibbs free energy of reaction.  

(b) Using the checkpoint file that results from (a), perform a single point calculation using the 
basis sets assigned to your number (see next page).  How does this change the standard-state enthalpy of 
reaction determined in (a)? (You need not perform another geometry optimization or frequency 
calculation. Note, in particular, to perform a frequency calculation, you must first perform a geometry 
optimization using the same method and basis set as in your frequency calculation. Why?) Also, 
perform optimizations using your method and report the differences in standard state enthalpies and Gibbs 
free energy of reaction. 

(c) Compare your thermodynamic and structural results with experimental data, for example 
from the CRC handbook or another source. 

2) Compute the hydrogen bond energy of the gas-phase water dimer (2H2O Æ H2O-H2O) using a method 
and basis set of your choice. Document the approach that you took and report the energy. 
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Student 1 RHF/3-21G* 

Student 2 MP2/3-21G 

Student 3 BLYP/3-21G* 

Student 4 BLYP/3-21G** 

Student 5 BLYP/3-21G+ 

Student 6 BLYP/3-21G++ 

Student 7 B3LYP/3-21G 

Student 8 BPW91/3-21G 

Student 9 SPL/3-21G 

Student 10 RHF/6-31G 

Student 11 MP2/6-31G 

Student 12 BLYP/6-31G 

Student 13 BLYP/D95 

Student 14 BLYP/6-31G* 

Student 15 BLYP/6-31G** 

Student 16 B3LYP/6-31G 

Student 17 BPW91/6-31G 

Student 18 SPL/6-31G 

Student 19 BLYP/6-31G+ 

Student 20 BLYP/6-31G++ 

Student 21 BLYP/6-31G*+ 

Student 22 BLYP/6-31G**++ 

Student 23 MP2/3-21G+ 

(Image by MIT OCW.) 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

62
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Solution to 10.675  Homework #2 
due 10/7/04 

   
1) For the following gas-phase reaction: 
 
   H2 + I2  2 HI 
 
 (a) First optimize each structure using Hartree-Fock, 3-21G, (RHF/3-21G) and calculate 
thermodynamic data by performing a frequency analysis, including the change in standard-state enthalpy 
and Gibbs free energy of reaction.  
 
            (b) Using the checkpoint file that results from (a), perform a single point calculation using the 
basis sets assigned to your number (see next page).  How does this change the standard-state enthalpy of 
reaction determined in (a)? (You need not perform another geometry optimization or frequency 
calculation.  Note, in particular, to perform a frequency calculation, you must first perform a geometry 
optimization using the same method and basis set as in your frequency calculation.  Why?)  Also, perform 
optimizations using your method and report the differences in standard state enthalpies and Gibbs free 
energy of reaction. 
 
            (c) Compare your thermodynamic and structural results with experimental data, for example 
from the CRC handbook or another source. 
 
Solution: 
All the results are summarized in the table below: 
For thermal data: 

a1 a2 a3 a4
Correction to Enthalpy Correction to Free Energy Enthalpy Gibbs free energy

H2/a.u. 0.013914 -0.000857 -1.109046 -1.123817
I2/a.u. 0.004322 -0.025441 -13775.68091 -13775.71068
HI/a.u. 0.008478 -0.014988 -6888.398071 -6888.421537
Rxn/a.u. -0.006183 -0.008581
Rxn/kcal/mol -3.88 -5.38
Exp./kcal/mol -2.27 -3.81

(a)
RHF/3-21G

 
 

reoptimize
b1 b2=a1+b1 b3=a2+b1 b4 b5

Electronic E Enthalpy Free Energy Enthalpy Gibbs free energy
H2/a.u. -1.1705204 -1.1566064 -1.1713774 -1.15712 -1.171921
I2/a.u. -13781.13065 -13781.12633 -13781.1561 -13781.12656 -13781.15642
HI/a.u. -6891.150658 -6891.14218 -6891.16565 -6891.142717 -6891.166209
Rxn/a.u. -0.0014252 -0.0038232 -0.001752 -0.004075
Rxn/kcal/mol -0.89 -2.40 -1.10 -2.56
Exp./kcal/mol -2.27 -3.81

single point calc

(b)
B3LYP/3-21G
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For structural data: 
unit: Angstron H-H I-I H-I
RHF/3-21G 0.7348 2.8648 1.6384
B3LYP/3-21G 0.7462 2.9022 1.6615
Exp. 0.74611 2.662 1.609  
 
 
2) Compute the hydrogen bond energy of the gas-phase water dimer (2H2O  H2O-H2O) using a method 
and basis set of your choice.  Document the approach that you took and report the energy. 
 
Solution: 
Here, B3LYP/6-31G* are used. The optimized geometry is plotted as below.  

 
 

We calculate the hydrogen bond energy as following (the energies used here are: Sum of electronic and 
zero-point Energies): 
 
E(H-bond) =E(dimer)-2*E(H2O) 
 = (-152.784289)-2*(-76.387785) 
 =-0.00872a.u. 
 =-22.87 kJ/mol 
 
Experimental value is about 23.3 kJ/mol. (http://www.lsbu.ac.uk/water/hbond.html) 
 

(Courtesy of Gaussian, Inc. Used with permission.)
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This table summarizes all the results obtain by the whole class. Therefore, you can compare the accuracy 
of different methods and basis sets. Those marked in yellow mean they are problematic.  

Part 1a

Experiment

Student 1 

Student 2

Student 4

Student 5

Student 6 

Student 7 

Student 8

Student 9

Student 10

Student 11

Student 12

Student 13 

Student 14

Student 17

MP2/3-21G

BLYP/3-21G*

BLYP/LANL2DZ

MP2/LANL2DZ

BLYP/LANL2DZ

BLYP/LANL2DZ

BLYP/LANL2DZ

B3LYP/LANL2DZ

B3LYP/3-21G**

BPW91/LANL2DZ

B3LYP/LANL2DZ

BLYP/LANL2DZ

BLYP/LANL2DZ

B3PW91/LANL2DZ

RHF/3-21G

Student 3 BLYP/3-21G**

Student 15 BLYP/LANL2DZ

Student 16 MP2/3-21G+

Student 18 RHF/LANL2DZ

Student 19 B3LYP/LANL2DZ

-0.132

-4.892

-5.730

-5.839

-5.734

-5.734

-2.867

-6.500

0.162

-6.191

-6.709

-5.734

-16.158

-7.000

0.715

-5.730

miss

-4.740

-6.700

-3.884

-2.27

-1.575

-3.322

-0.064

-7.120

-7.260

-7.127

-7.127

-3.564

-8.000

-0.638

-7.627

-8.143

-7.126

-4.816

-7.130

miss

-8.459

-5.462

-8.131

-5.384

-3.81

1b-DG/kcal/
mol

IDName
Method/Basis

Set
1b-DH/kcal/

mol

(Image by MIT OCW.) 
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10.675 Assignment #3 
due 10/14/04 

(Note: Do not wait until the day before to start these runs.) 

(1) Pose a simple problem to address using G03, and solve it. 

(2) Using the same methods that you used in Assignment 2, for the isomerization reaction below, use 
transition-state theory in G03 to compute the barrier height for reaction.  Confirm that you have 
only one complex mode (negative frequency) and visualize it to get the pathway for isomerization. 

cis-CHD=CHD Æ trans-CHD=CHD 

(3) Compare the results from (2) to the experimental data (at 770 K), log A = 13 s-1, and E = 65 
kcal/mol (JCP, 23, 315 (1955)). 

Note that each assignment should be done individually, even though several may be using the same 
methods. 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

66
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



10.675 Assignment #3 
due 10/14/04 

(1) Pose a simple problem to address using G03, and solve it. 

Solution:

Since this is any case chosen by yourself, there will be no solution for this one. 


(2) Using the same methods that you used in Assignment 2, for the isomerization reaction below, use 
transition-state theory in G03 to compute the barrier height for reaction.  Confirm that you have 
only one complex mode (negative frequency) and visualize it to get the pathway for isomerization. 

cis-CHD=CHD Æ trans-CHD=CHD 

Solution: 
This problem looks easy, but it is actually pretty complicated. The reason is that the transition state for 
this isomerization reaction is a singlet diradical. You have to treat it specially, otherwise, you will not 
be able to get the right transition state. Please refer to the following procedures about how to get the 
correct transition state (The input files will also be posted on website). 

Step 1: Treat the system as a normal one, obtain its wavefunction 
# b3lyp/6-31g scf 

Step2: Alter one virtual and one occupied orbital to get the correct wavefunction for the singlet 
diradical (see more details from Gaussian menu) 
# ub3lyp/6-31g scf geom=Allcheck guess(Tcheck, Alter) 

Step 3: Use the correct wavefunction to do geometry optimization and frequency calculations 
# opt=(calcall, ts, noeigentest) freq=readiso ub3lyp/6-31g scf=qc  geom=Allcheck  
guess=(Tcheck, nosymm) 

Another two alternative ways are: a). Iop(4/15=3) Alter; or, b). Guess=Mix 

From the above procedures, we can obtain the transition state as below (The Hs rotate around the c-c 
axis). 
The free energy barrier can be calculated from the difference between free energy of transition state 
and that of reactant: 

( ( . . = 8.58 mol kcal Barrier ∆ = G = TS G ) − cys G ) − = 455558.78 − (− 549272.78 ) = 093714.0 u a / 
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(Courtesy of Gaussian, Inc.. Used with permission.) 

(3) Compare the results from (2) to the experimental data (at 770 K), log A = 13 s-1, and E = 65 
kcal/mol (JCP, 23, 315 (1955)). 

Solution:

Now we can calculate prefactor A as below: 

A = h 

−∆ S 
kT e R 

× − ⋅ = 10 38.1 − 23 ( J / K )⋅ 770( K ) × exp(− ( )(391.56 958.57 cal / K mol ) )
10 63.6 − 34 ( S J ) 99.1 (cal / K mol )× ⋅ ⋅ 

1012= 29.7 × 

Therefore, log A ≈ 9.12 (Exp. logA=13) 

The calculated energy barrier is about 60 kcal/mol, while the experimental energy barrier is about 65 
kcal/mol. The difference between calculated result and experimental results could be caused by the 
following reasons: 

a. finite basis set  
b. approximate method 
c. finite temperate and pressure effects 
d. experimental uncertainty 
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10.675  Assignment #4 
due 10/21/04 

 
 
In this problem set, you will use Car-Parrinello Molecular Dynamics (CPMD) to calculate the 
adsorption energy of oxygen atom on the Si(100) surface and compare it to the experimental data 
that you can find. 
 
1. Log on to NCSA from SecureCRT from your own machine by: 
  ssh cu.ncsa.uiuc.edu 
 usrname: 
 password: 
 or ssh usrname@cu.ncsa.uiuc.edu
 password 

 
2. Before you submit the jobs, make sure you have the following files in your home directory (Of 

course you can put them to different folders and then specify the directory of different folder in 
your job script). You can copy these files from: /u/ac/hairong/public 

  
Executable cpmd:  cpmd.x;  

 Potentials for O and Si: O_BLYP_glue and Si_BLYP_glue; 
 Input files for atomic oxygen, bare silicon surface, and adsorption of atomic oxygen on si(100):  

o, si_surf, and o_si_surf ; 
   The script to run your job: mpi.ll (you can change the name as what you want). 

    
3. The mpi.ll (listed as file 1 at the end of this document), is the shell script you should use to 

submit the jobs.  The mpi.ll file is self-demonstrative, you need to modify it very easily and get 
cpmd to run.  Here are some useful commands for ncsa operation: 

 Submit the job:     llsubmit filename 
 Check status of your job:    llq –u usrname 
 Cancel your job:     llcancel job number 
 To check how many hours you have used:  usage –u usrname 
 (P_usage will list how many hours you have used; Remember everybody has 250 hours for the 

whole semester) 
 The above operations are related to queue system. If you just want to do single processor 

calculation, you can copy the script file mpi.ll as any other name such as script, use  
chmod +x script  
to change it to an executable file, and then use  
./script &   
to run it. In this way, you do not have to wait in the queue system, but it has CPU time limit of 30 
mins.  

  
4. The files 2-4 attached at the end of this document are the input files for the adsorption 

calculation. You don't need to modify them. Just run them with the instructions in mpi.ll (file 1).  
But you can refer to  http://www.cpmd.org/cpmd_on_line_manual.html for the function of 
each keyword. (Note: Since we are modeling the surface with periodic boundary conditions, we 
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need some vacuum space, which has been set up for you (in the size for unit cell). Also to 
simulate the surface, we usually model several layers of the surface and fix a few bottom layers to 
mimic the bulk crystal. To save on computing time, we just fix all the silicon layers during this 
exercise.) 
 

5. The last two attached files at the end of this document are the pdb files for the input coordinates 
for bare silicon surface and adsorption of O on si(100) which we used in cpmd calculation.  You 
can visualize it in cerius2 or GaussView. 

 
 

Attached file 1: script to run cpmd on ncsa supercomputing center 
 
------------------------------------------------------------------------ 
 
#@ shell = /usr/bin/csh 
#@ job_name = o  
#@ environment = COPY_ALL 
#@ notification = complete 
#@ account_no = mfj 
#@ job_type = parallel 
#@ class = batch 
 
#@ wall_clock_limit = 2:00:00  #Specify job CPU limit of 2 hours 
#@ resources = ConsumableCpus(1) ConsumableMemory(2 Gb) 
#@ output = $(job_name).$(jobid).out 
#@ error = $(job_name).$(jobid).err 
 
#@ tasks_per_node = 8  # Specify number of nodes for parallel running 
#@ job_type = parallel 
#@ queue 
########################################################## 
 
#set echo                # echo commands before execution; use for debugging 
 
poe /u/ac/hairong/public/cpmd.x /u/ac/hairong/input/o /u/ac/hairong/potential > 
/u/ac/hairong/output/o_out ;;   
 
# exectable binary code is /u/ac/hairong/public/cpmd.x; 
# pseudo-potential files are at /u/ac/hairong/potential; 
# o and o_out are the input and output files 
# you can modify the input file and output file path to your own directory  
# ncsa is using queue system. (your job will not run immediately after submit) 
# but as mentioned in step 3, you can run job immediately on a single processor  
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Attached file 2: input file for atomic oxygen 
 
------------------------------------------------------------------------ 
 
&CPMD 
  OPTIMIZE WAVEFUNCTION 
  oPTIMIZE GEOMETRY 
  rESTART WAVEFUNCTION LATEST 
  rESTART WAVEFUNCTION COORDINATES LATEST 
  LSD 
  CONVERGENCE 
   0.000001 0.0001 
  STORE 
   100 
  MAXSTEP 
   1000 
  ODIIS 
   5 
  GDIIS 
   3 
&END 
 
&SYSTEM 
  ANGSTROM 
  SYMMETRY 
  8 
  CELL 
  11.43  0.950 0.475  0  0  0 
  CUTOFF 
  20.0 
  MULTIPLICITY 
  3 
&END 
 
&ATOMS 
*O_BLYP_glue   KLEINMAN-BYLANDER 
   LMAX=P 
   1 
1.00000    1.00000    1.00000 
&END 
 
&DFT 
  FUNCTIONAL LDA 
&END 
  
&PROP 
  POPULATION ANALYSIS MULLIKEN 
&END 
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Attached file 3: input file for bare silicon surface (3 layers, p(2x2) unit cell with 12 Si atoms in total)  
 
------------------------------------------------------------------------ 
 
&CPMD 
  oPTIMIZE WAVEFUNCTION 
  OPTIMIZE GEOMETRY 
  rESTART WAVEFUNCTION LATEST 
  rESTART WAVEFUNCTION COORDINATES LATEST 
  CONVERGENCE 
   0.000001 0.0001 
  STORE 
   100 
  MAXSTEP 
   10000 
  ODIIS 
    5 
  GDIIS 
   3 
&END 
 
&SYSTEM 
  ANGSTROM 
  SYMMETRY 
  8 
  CELL 
  11.43  0.950 0.475  0  0  0 
  CUTOFF 
  20.0 
&END 
 
&ATOMS 
 
*Si_BLYP_glue   KLEINMAN-BYLANDER 
   LMAX=P 
   12 
0.000   0.000   0.000  
1.357   1.357   1.357  
0.000   2.715   2.715  
1.357   4.073   4.073  
2.715   0.000   2.715  
2.715   2.715   0.000  
0.000   5.430   0.000  
1.357   6.787   1.357  
0.000   8.145   2.715  
1.357   9.503   4.073  
2.715   5.430   2.715 
2.715   8.145   0.000 
 
&END 
 
&DFT 
  FUNCTIONAL LDA 
&END 
  
&PROP 
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  POPULATION ANALYSIS MULLIKEN 
&END 
 
 
 
Attached file 4: input file for adsorption of atomic oxygen on silicon surface 
(Here we use three layers, p(2x2) unit cell with 12 Si atoms totally)  
 
------------------------------------------------------------------------ 
 
&CPMD 
  oPTIMIZE WAVEFUNCTION 
  OPTIMIZE GEOMETRY 
  rESTART WAVEFUNCTION LATEST 
  rESTART WAVEFUNCTION COORDINATES LATEST 
  CONVERGENCE 
   0.000001 0.0001 
  STORE 
   100 
  MAXSTEP 
   20000 
  GDIIS 
   5 
  GDIIS 
   3 
&END 
 
&SYSTEM 
  ANGSTROM 
  SYMMETRY 
  8 
  CELL 
  11.43  0.950 0.475  0  0  0 
  CUTOFF 
  20.0 
&END 
 
&ATOMS 
 
CONSTRAINTS 
FIX COORDINATES 
  12 
1 0 0 0  
3 0 0 0  
7 0 0 0  
9 0 0 0 
2 0 0 0  
4 0 0 0  
8 0 0 0  
10 0 0 0  
5 0 0 0 
6 0 0 0 
11 0 0 0 
12 0 0 0 
END CONSTRAINTS 
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*Si_BLYP_glue   KLEINMAN-BYLANDER 
   LMAX=P 
   12 
0.000   0.000   0.000  
1.357   1.357   1.357  
0.000   2.715   2.715  
1.357   4.073   4.073  
2.715   0.000   2.715  
2.715   2.715   0.000  
0.000   5.430   0.000  
1.357   6.787   1.357  
0.000   8.145   2.715  
1.357   9.503   4.073  
2.715   5.430   2.715 
2.715   8.145   0.000 
 
*O_BLYP_glue   KLEINMAN-BYLANDER 
   LMAX=P 
   1 
4.290   4.134   1.360 
 
&END 
 
&DFT 
  FUNCTIONAL LDA 
&END 
  
&PROP 
  POPULATION ANALYSIS MULLIKEN 
&END 
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Attached file 5: pdb file for the bare silicon surface 
 
------------------------------------------------------------------------ 
 
REMARK   4 3    COMPLIES WITH FORMAT V. 2.0  
CRYST1    5.430   10.860    5.430  90.00  90.00  90.00 P 1          
SCALE1       0.18416   0.00000   0.00000        0.00000 
SCALE2       0.00000   0.09208   0.00000        0.00000 
SCALE3       0.00000   0.00000   0.18416        0.00000 
HETATM    1 SI1  UNK A   0       0.000   0.000   0.000  1.00  0.00          SI3- 
HETATM    2 SI2  UNK A   0       1.357   1.357   1.357  1.00  0.00          SI   
HETATM    3 SI3  UNK A   0       0.000   2.715   2.715  1.00  0.00          SI2- 
HETATM    4 SI4  UNK A   0       1.357   4.073   4.073  1.00  0.00          SI3- 
HETATM    5 SI5  UNK A   0       2.715   0.000   2.715  1.00  0.00          SI2- 
HETATM    6 SI7  UNK A   0       2.715   2.715   0.000  1.00  0.00          SI2- 
HETATM    7 SI1  UNK A   0       0.000   5.430   0.000  1.00  0.00          SI3- 
HETATM    8 SI2  UNK A   0       1.357   6.787   1.357  1.00  0.00          SI   
HETATM    9 SI3  UNK A   0       0.000   8.145   2.715  1.00  0.00          SI2- 
HETATM   10 SI4  UNK A   0       1.357   9.503   4.073  1.00  0.00          SI3- 
HETATM   11 SI5  UNK A   0       2.715   5.430   2.715  1.00  0.00          SI2- 
HETATM   12 SI7  UNK A   0       2.715   8.145   0.000  1.00  0.00          SI2- 
TER      13      UNK A   0  
END 
 
 
 
 
Attached file 6: pdb file for the adsorption of atomic oxygen on silicon surface 
 
------------------------------------------------------------------------ 
 
 
REMARK   4 3    COMPLIES WITH FORMAT V. 2.0  
CRYST1    5.430   10.860    5.430  90.00  90.00  90.00 P 1          
SCALE1       0.18416   0.00000   0.00000        0.00000 
SCALE2       0.00000   0.09208   0.00000        0.00000 
SCALE3       0.00000   0.00000   0.18416        0.00000 
HETATM    1 SI1  UNK A   0       0.000   0.000   0.000  1.00  0.00          SI3- 
HETATM    2 SI2  UNK A   0       1.357   1.357   1.357  1.00  0.00          SI   
HETATM    3 SI3  UNK A   0       0.000   2.715   2.715  1.00  0.00          SI2- 
HETATM    4 SI4  UNK A   0       1.357   4.073   4.073  1.00  0.00          SI3- 
HETATM    5 SI5  UNK A   0       2.715   0.000   2.715  1.00  0.00          SI2- 
HETATM    6 SI7  UNK A   0       2.715   2.715   0.000  1.00  0.00          SI2- 
HETATM    7 SI1  UNK A   0       0.000   5.430   0.000  1.00  0.00          SI3- 
HETATM    8 SI2  UNK A   0       1.357   6.787   1.357  1.00  0.00          SI   
HETATM    9 SI3  UNK A   0       0.000   8.145   2.715  1.00  0.00          SI2- 
HETATM   10 SI4  UNK A   0       1.357   9.503   4.073  1.00  0.00          SI3- 
HETATM   11 SI5  UNK A   0       2.715   5.430   2.715  1.00  0.00          SI2- 
HETATM   12 SI7  UNK A   0       2.715   8.145   0.000  1.00  0.00          SI2- 
TER      13      UNK A   0  
HETATM   14  O13 UNK B   1       4.290   4.134   1.360  1.00  0.00           O   
TER      15      UNK B   1  
END 
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10.675  Assignment #4 
due 10/21/04 

 
 
In this problem set, you will use Car-Parrinello Molecular Dynamics (CPMD) to 
calculate the adsorption energy of oxygen atom on the Si(100) surface and compare it to 
the experimental data that you can find. 
 
Solution: 
This is really a trivial problem set.  It has the objective of getting you familiar with 
CPMD calculations and familiar with using the NCSA supercomputer. The results are 
summarized in the following table. 
 

System Energy (a.u.)
Atomic O -14.64507328
Si (100) -46.34381829
O-Si(100) -61.20165854
AE /a.u. -0.21276697
AE /kcal/mol -133.5  
 
From the results, we can see that the adsorption energy of oxygen atom on the Si(100) 
surface is about 133.5 kcal/mol, while the experimental value is about 165 kcal/mol 
[Surface Science 268 (1992) 238-264]. The difference between experiment and 
simulation could be caused by the following reasons: 

a. ignoring surface relaxation 
b. approximate functional 
c. small planewave cutoff 
d. finite temperate and pressure effects 
e. experimental uncertainty 
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10.675  Assignment #5 
due 11/23/04 

 
In the last problem set, you learned how to run CPMD on NCSA supercomputers. Now in this 
problem set, you will use CPMD to study the dynamics of a proton transferring among water 
molecules (H9O4

+). And you can compare what you observe with the literature report (Nature, vol. 
397, 1999, 601). 
 
1. The input file (H9O4) can again be copied from the directory: /u/ac/hairong/public 

It is also enclosed at the end of this document.  Make sure to have the potentials for H and O in 
your potential path. They can be obtained from the above directory too: H_BLYP.PP30 and 
O_BLYP_glue 

 
2.  Now you need to fill up the xyz coordinates for the atoms (marked as yellow in the attached file).  

As in the previous problem sets, use GaussView to do this. (You can refer to the figure at the 
end of this document for the geometry of H9O4

+ system.)  To save the allocated hours on  NCSA, 
optimize the geometry in Gaussian 03 first. (This will be helpful for the convergence of your 
CPMD calculations.)  Then, copy the xyz coordinates from the log file to the H9O4 input file 
you got in step 1. 
[Note: Make sure to set the charge for your system to +1 during your calculation] 
 

3. As you might have noticed, there are many keywords in the &CPMD section.  But notice that 
only those that start with capital letters are valid. In order to run a MD simulation, you have to 
run a wavefunction optimization first. (We already did geometry optimization by Gaussian in step 
2.)  To do that, you need to change 3 things, as below: 

 
     MOLECULAR DYNAMICS          -> mOLECULAR DYNAMICS 
     RESTART WAVEFUNCTION LATEST -> rESTART WAVEFUNCTION LATEST 
     oPTIMIZE WAVEFUNCTION       -> OPTIMIZE WAVEFUNCTION 
 
   After you have performed the wavefunction optimization, you can change the above three 

keywords back to run an MD simulation. 
 
4. After running MD, the code will generate a file called MOVIE in your working directory. Be 

careful that if you have run MD a couple of times, the MOVIE file might contain separators 
between various appended sections. Also since you have some limit for the space in your home 
directory, it might be better to move your previous MOVIE files to your scratch directory 
(/scratch/users/usrname). Now copy the executable file MOV2xyz.x from /u/ac/hairong/public, 
and use it to generate MOVIE.xyz file from data in MOVIE file. Basically, what you need to do 
is:  

 ./ MOV2xyz.x  MOVIE &    (put 13 atoms in each frame) 
   A new file called MOVIE.xyz will then be generated in the same directory. This is the one that 

we will use to visualize the dynamics. 
 

5. Now you are ready to watch the movie if your computer has VMD (Visual Molecular Dynamics) 
or similar program to visualize the dynamics of proton transferring among water molecules. In 

www.bsscommunitycollege.in   www.bssnewgeneration.in  www.bsslifeskillscollege.in

77
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



your solution, give some representative snapshots of your dynamic simulation results, and 
compare to the literature report.   [A small tip: To visualize more clearly, you can change 
Graphics->Representations->Drawing Method to “DynamicBonds”.] 

 
   If your computer does not have that, it is free to download online: 
http://www.ks.uiuc.edu/Research/vmd/  

   
 

Input file for CPMD simulation (do not forget to fill the part marked in yellow) 
------------------------------------------------------------------------------------------------------------------- 
 
 &CPMD 
  MOLECULAR DYNAMICS 
  RESTART WAVEFUNCTION LATEST 
  oPTIMIZE WAVEFUNCTION 
  oPTIMIZE GEOMETRY 
  rESTART WAVEFUNCTION LATEST 
  rESTART WAVEFUNCTION COORDINATES LATEST 
  CONVERGENCE 
   0.00001 0.0001 
  STORE 
   100 
  MAXSTEP 
   50 
  ODIIS 
    5 
  GDIIS 
   3 
  QUENCH BO 
  TEMPERATURE 
    300 
  TEMPCONTROL IONS 

300 30 
  TIMESTEP 
    4.0 
  MOVIE 
    10 
  EMASS 
    400 
&END 
 
&SYSTEM 
  ANGSTROM 
  SYMMETRY 
  1 
  CELL 
  10.0  1.0 1.0  0  0  0 
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  CUTOFF 
  70.0 
  CHARGE 
  +1 
 
&END 
 
&ATOMS 
 
*H_BLYP.PP30   KLEINMAN-BYLANDER 
   LMAX=S 
   9 
   xyz coordinate for nine hydrogen atoms 
 
*O_BLYP_glue   KLEINMAN-BYLANDER 
   LMAX=P 
   4 
   xyz coordinate for four oxygen atoms 
 
&END 
 
&DFT 
  NEWCODE 
  FUNCTIONAL BLYP 
  GC-CUTOFF 
   1.D-8 
&END 
  
&PROP 
  POPULATION ANALYSIS MULLIKEN 
&END 
 

 
Geometry figure for H9O4

+

(Courtesy of Gaussian Inc. Used with permission.)
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10.675  Assignment #5 
due 11/23/04 

 
In this problem set, you will use CPMD to study the dynamics of a proton transferring among water 
molecules (H9O4

+). And you can compare what you observe with the literature report (Ref: Nature, 
vol. 397, 1999, 601). 
 
Solution: 
The detailed procedure has been described in the problem statement. Here in the solution, we will 
only present the snapshots from the simulations (5000 steps). 
[Left: DynamicBond; Right: Hydrogen Bond] 

Snapshot 1 (Frame 1): H9O4
+ has an H3O+ core that donates three hydrogen bonds to its 

neighboring H2O molecules. (Similar to Fig. 1a in Ref.) 
 

 
 
Snapshot 2 (Frame 141): One of the three protons of the H3O+ core migrates along its hydrogen 
bond and forms an H5O2

+, in which this proton is equally share between two water molecules. 
(Similar to Fig. 1b in Ref.) 
 

  

The images in this solutions file were made with VMD/NAMD/BioCoRE/JMV/other software support. 
VMD/NAMD/BioCoRE/JMV/ is developed with NIH support by the Theoretical and Computational Biophysics group at the 
Beckman Institute, University of Illinois at Urbana-Champaign. Courtesy of the Theoretical and Computational Biophysics group at 
the Beckman Institute, University of Illinois at Urbana-Champaign. Used with permission.
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Snapshot 3 (Frame 335): H9O4

+ formed again. And three are three hydrogen bonds in the system 
again.  
 

 
Snapshot 4 (Frame 434): Further migration of a different proton in H3O+ forms another H5O2

+ with 
one hydrogen bond. (Similar to Fig. 1d in Ref.) 
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