2. Light/matter interaction GtFf#ZrFEE/ER)

Light absorption  (tWIR)
Light/matter interaction {Light emission  (F%)

Light scattering  OtZiL)
2.1 Resonance energy transfer (dtiRgEE#R®)

Coupled Pendulums

Pendulum frequency in classical mechanics v

1 /g

AN
& : gravitational acceleration

v

[ : string length

Pendulum frequency in quantum mechanics:
Eigen frequency of an electron in a steady state

1
;%—f = Hy : Time-dependent Schrodinger equation
T Ol

time-independent H

Hyy = Eyg
b= e v =



Electron in the ground state E=0 — still pendulum
y =0

=E pendulum oscillating
. L —  with frequency v
h

Electron in the excited state E
with energy E

Energy transfer occurs only between two pendulums with the same frequency
RE BHRE Al RETE I IRA KRR

Il

Light absorption/emission occurs only between two electrons with the same
frequency

2.2 Light absorption (induced absorption)

Light having the frequency same as the eigen frequency of an electron is absorbed.

Pendulum mpdel Two-level model
B —> [ =
o i
~— Io(v) ~ Ii(v)

Lambert-Beer’s law

i) _ 107" A4 =log,, Lv) _ ecl
Iy(v) I(v)
e(v) : molar absorbity mol!dm*em™ ) =
¢ :molar concentration mol dm™ I o)
/ :optical path length cm k¥R

A :absorbance



a(v)N4

m =2.6x 10200'(1/)

e(v) =

N : Abogadoro number

o(v): absorption cross section cm?

Absorption cross section (I # )

: Oo—
Strongly absorbing molecule
o~ 107%m? = 142 €~ 10" o= @
O—
Oo—

2.3 Light emission

Induced emission (SZ#E5)
Spontaneous emission (H ##E )

Induced emission

Spontaneous emission

O

O«/ O L 4




Dynamics of a two-level system interacting with light

2 A o O Q N2
| W H HE
g H FAS p
e | Ak Jixs 5
X t t Koo
P12 P 1)51 {% :le
1 O v A 4 v Nl

P : probability per second

P12: induced absorption (3Z3#W% %)

P,1: induced emission (3% 4))

P’,1: spontaneous emission ([ %5 #)

P,;: non-radiative de-activation (ZEiig i J<i)

P1y = P31 = Bp(wo) B : Einstein B coefficient

on? 5
B= " [(2]ul1)P

2epht

(2|pl1) : transition dipole moment

p(vg) : radiation energy density Tm3 (s

oc ]  :incident light intensity

I=c fp(v)dv Tm2s7!

%1 = 4 = l A : Einstein A coefficient, T, : radiative lifetime
T,
1677, A4 &
A=—="K2|pl1)P =
3ecoh B fors



rr

= — T, - Non-radiative lifetime (reaction, energy transfer, etc.)
B Tor

Time-dependent population changes with interaction with light

dN, , ,
= P1oNy — Pyy/No = Py No = Py N,
dt .
1
= Bp(vo)(N1 — N2) — -V,
T
i 1 1
T : lifetime of level 2 —= — 4+ —
T TF‘ T.F}.F
p(vo)
>
At
> [
e_%
> /

Isomerization rates of S1 trans-stilbene in different solvents

1
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10 ] 8 0 O - ® B bmimTf,N ;9.6><109
- g: " 18 i e ) bmimPF, .:6.6><109
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Viscosity/cP
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Light scattering

Absorption and emission occur simultaneously:.

ASH e Eilk
O—
O— O—
O— O—
O— O—

j) O\ RELSE: ABHED10005 1L

Elastic scattering: Rayleigh scattering —  blue sky, red sun
Light scattering

Inelastic scattering: Raman scattering —  spectroscopy

Stokes Raman scattering

; rfszf"
Vo
o — . —> .__JJ
E=0 o “ v<w
/?V\:

Anti-Stokes Raman scattering

E E=0
’

TG = @ vaw

=7

O
f?v\

. E ,

Raman shift V— Vg = £— - . Stokes + :  Anti-Stokes

Anti-Stokes Raman  Rayleigh Stokes Raman



3. Born-Oppenheimer Approximation

3.1 Separation of electronic and nuclear motions (&5 - iE B FriZ ) 5E Bh 1Y) /) i)

Electron:  m, = 9.1 x 107'kg
Proton:  m, = 1.67 X 107*"kg

m
—£ =1.8x10°
me
Molecular Hamiltonian
2 2 2
"o, o, Z,€ e ZoZge
T Y ML 0 10 ) ) e
" “” 7 <Me e 7 i (U aep TaB
“ ~ J - ~ J \ ) \ J - ~ /
Nucleus Electro Attraction Repulsior Repulsion
L .. between among among
kinetic energy kinetic enc  pycleus and electrons nuclei

electron

M, : Mass of nucleus «
VR‘, . Differentiation with respect to the coordinate of nucleus @
M, : Mass of electron
Vr,- . Differentiation with respect to the coordinate of electron 7
€ : Charge of electron
Z,, : Atomic number of nucleus ¢
Fai - Distance between nucleus ¢ and electron j
¥ij : Distance between electron ; andelectron ;
R(yﬁ : Distance between nucleus ¢¢ and nucleus ﬁ

cf. H=p*2m+V, p=-ird/dq (qp-po=i%)
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Hiy = Ev
NOT solvable! (REEfE!)

Adiabatic approximation (4@#\r{Ll)

H(VR” ’ Vl‘ja R(Ya ri)'}b(R(h ri) = Ew(Ras ri)
Differential equation with respect to R, and I’;

Adiabatic approximation VRQ = (0 R, fixed

He(vrfa R,, rr’)'ﬂe(Rm l‘,-) = Ee(Raf)'ube(Rm l‘,-)

Differential equation with respectto I’;
Fixed parameter R,

Obtain an adiabatic solution

1) Assume that H ., = E W, is solved.
Energy Ei(R(Y)
Eigen function Wi(Ra, r;)

H (R, 1) = EROVL(R,. 1)

[ : quantum number

2) Expand ¥(R,, r;) into a power series of v,bi,(Ra, r;)

W(Ro 1) = ) WURe TP (R,)
/

qbf? (R4 ) : expansion coefficient

3) Introducing into Schrodinger equation

4

H=H, - ) 2i;;v;‘w




Hy = By

( 27;40/ VZ + . ) Z "b (R“” rf)qbr?(RtY) E Z 'ﬁ (Rm z)(bn(Rnf)

l He'»”e — Eelﬂe

h
- Vi HEURD IR 1) R = £ WU(R, 18R,
D= 2 37, R 1 (Ro) = E 30 Rt (R

4) Multiply wf; (R, ;)" from the left-hand side and integrate over I
fwg(Rm ri)*Lbi(R(Y! ri)dri = 517’
/
wa m NIV [t vigian
=E ) f wL yLdr
/

G hz 9 ’ ’ 4
>, [0~ X 5V i Lo, = o]
7 [

5) Born-Oppenheimer approximation

[
VR‘YWL(R(Y: l‘,‘) =0

;in does not change with a small change of R,

V2 ULl = Vr (RIS, + VR, o))

_ g2 4
_'v!/evR“.qbn



- [ ;o :
-3 [ ulvar Y SV o+ B = £

.’%_/(Y

O

"o, : : :
- > 57 VR (R + ELR)G(R,) = E4(R,)
a @ L )
N J v %{_/
Nuclear Kinetic energy potential energy total energy
I' =1
{ H,(V&,.R)$,(Ro) = E,¢,(Ry)  En' =E—Eel’

K i :
H = - Z 5 : Vk + E'(R,)
a 2M, Eel’ - Eel _ Eelo

H(VR”, Vl‘js R(Ys rf)w(R(h ri) — Ew(R(H ri)
He(vrp Ra,, l‘,-)l,be(Ra,, ri) — Ee(R(Y)'v!/e(R(h l‘,-)

R,, is parameter (constant)

]‘[;,,(VR“, R(Y)l,l/i,(Ra) = E;f?'v[/; (Ra')
AW

R,, is variable

Electronic and nuclear motions are separated! (7 -HyiEShFniZAOES /B | )
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3.2 Separation of vibrational, rotational and translational motions

A diatomic molecule

Hamiltonian H,

H, = hzvz hzvz + E.(R..Ry)
n = 2M1 R, 2M2 R, e 1, N2
o, h o,
- - P — — ‘l‘EeR‘) y = )
2M1 R, 2M2 R, ( lb) Rl |R1|
R; R =R -R;
R’) R = MlRl +M2R’)
) B Ml—i-Mz

s - (M, + M>)H>

H,=- - V3 +E.R
SOh s ) kT T oanan, R LK)
Ml + M2 B | [
MM, H
N A . _/
Y YT

H, (translation) vibration and rotation
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Schraédinger equation for vibration and rotation

I,
(—Zvﬁu + Eo(Ri) J0n(Ri) = Enin(Rpo)

¥ . vibration rotation eigen function
R(x,v,z)

R(7, 0, ¢)
v > =r

(17,0 1 o o
=R o)
2/.1 {;ﬂz ai"(r or " r2 sin @ 06 > 00

1 &

* sin” 0 A

} + Lo(7)

a1 ﬁ(, Hf}) 1 &
= —h"{ ——|sinf— |+
" \sino o0 96) " sin? 6 9>

[N,ZY;??(Q, (f)) — ](z+ 1)1;12}7]711(9’ ¢)
Y]’”(Q, ¢b) : spherical harmonics

LY (0, ¢) = mhY](6, ¢)
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Rigid body approximation (neglecting vibration-rotation interaction)

]2 ]2 : . .
_ I'o: interatomic distance at the potential minimum
2ur? 2;11’(2)
P1a(,0 [?
H. - ————(r —) + E(r) + —
2/.1r or\ or 2}1}4‘0
- J
' \_\(—/
vibration rotation

H\p(1, 0, ¢) = E,n(1,6, 9)

ﬂ $(r.6.¢) = d(1)Y" (0. )

_
7 III )Hl((_} (/))
._,Lu ,u;(,

1,0 I(I+ Dk
L1 D) s e S ) = 1l
2\ or 2urg
—

H(VR”, Vl‘js R(Ys rf)w(R(h ri) — Ew(R(H ri)

1L

a He(vl';s Ras rz')'ube(Rafs l’,-) = Ee(R(Y)wg(Ras rz')

(L Pe) e i+ L2 =

2ut\ or 2u
i’ rm l m
L3 =Y;"(6,¢) = ) (6.0)
,UI() ,U’()
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