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[Physical Chemistry: Standard]
Answer problems (1) through (7).

Consider a variation of the electronic ground-state energy of a molecule associated with a small structural
change based on the Bom-Oppertheimer (BO) approximation and the perturbation theory.

First, consider the variation of the electronic 'Ha.miltonjan associated with the structural change. Assume that
a coordinate g is one of thé nofmal coordinates that specifies the geometrical structure of a molecule.
Consider the case where g changes by a small displacement (¢ from its equilibrium value g = g,. The
electronic Hamiltonian of the molecule for the equilibrium structure is represented by H{(Qq). Within the
second ordgr Taylor expansion with respect to the small displacement @, the electronic Hamiltonian after the

structural change can be written as

dH
H(Qo + Q) = H(Go) + (Q)|Q

26q " D

where the subscript 0 for the differentiation means that the derivative is evaluated at g = Q. The BO
electronic wavefunctions associated with the equilibrium structure denoted by {¥;} and their eigenvalues ‘
denoted by {E;} (i=0,1,2,--) are assumed to be known, where Eq < E; < E; <

| Next, apply the perturbation theory to equation (). Take the first term in the right-hand side of equation @,

H(Qq), as the zeroth order Hamiltonian and the second and the third terms as perturbations. The ground-state
electronic energy Eo(Qo + @) after the structural change is calculated within the second order of @ by

oH
FuGo-+ Q) = Ba + Q (il 0] 190)
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Here a notation (Wl |¥;) is used to represent the integrations with reSpect to all the electron coordinates
T, ie, (Pol = |¥;) = [ dr Wy(2) - ¥y(2).
(1) Explain the meaning of the BO approximation.

(2) The second term on the right-hand side of equation @ can be set to be 0. Briefly explain the reason why
it can be, { ) '



(3) Derive the force constant k for the displacement @ from equation @. The force constant k is defined
to represent the change of the electronic energy associated with the displacement Q@ by (1/2)kQ2.

(4) Based on the answer to the problem (3), show the necessary condition that allows the molecular

deformation along the g direction to become easier.

(5) ‘According to the perturbation theory, the ground-state wavefunction, i!')f)(Q), after the molecular
deformation by the small displacement of @, is represenited as equation @ in terms of {¥;} and {E;}
(i =0,1,2,). Briefly explain the physicochemical meaning of the wavefunction represented by @, (Q). |
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where P5(Q) is not normalized.

(6)If the terms (.{,0!32[41)

I |¥;} appearing in equation ® are assumed to be a non-zero constant
0

independent of i, which excited BO wavefunction will have the largest amplitude as a component of

¥,(Q)? Answer with a brief explanation.

As 1s shown in Figure 1, if the first-excited-state wavefunction W, is described by a single electron excitation

from the ground-state wavefunction ¥y, equation @ should hold to obtain (w013’;—ff’| [¥,)# 0 in
. . 0

equation @ or @;
oo % Ty 3 Ty, - ®

where Iy represents the irreducible representation of the physical quantity X.

(7) Using the above condition represented by equation @), analyze the dissociation reaction of O-H bond of '
a H20 molecule having the bent (Cy,,) structure. The properties of the molecular orbiials in the ground
‘state and the normal coordinates are shown in Figure 2, Table 1 shows the character table for the Csy,
point group. Referring to these pieces of information, find a vibrational normal mode which can contribute

to the dissociation reaction of O-H bond. Also, briefly explain the reason for that answer.
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Figure 1. The configurations of the ground state (a) and the first excited state (b),
'respectivelﬂr, showing that the first excited state is represented by the éingle electron
excitation from the highest occupied molecular orbital (¢,) to the lowest unoccupied
molecular orbital (@) of the grdund atate. The arf;;_iﬁdicétes ah eiéctron with different
spin states. '
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Figure 2. (a) The orbital energies and their symmetry near the highest cccupied molecular
orbital for a H20 molecule in a bent (C,,) structure. The arrow indicates an electron with
different spin states. (b) The normal modes and their symmetry.

Table 1. Character table for the point group C,,.

Cay E Cy gy (xz): 0,(y2) h=4

Ay 1 1 1 1 z x%,y?, 22
A, 1 1 —1 -1 R, L Xy
B, 1. —1 1 —1 %, Ry zx

B, 1| -1 -1 1 R, | - yz
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