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QOutline of the 4 lectures

Basic principles of electronic spectroscopy
Coupled molecular dipoles: Molecular excitons & Forster interactions
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Qutline of this lecture

Intermolecular interactions

The excitonically coupled dimer

H- and J-aggregates

Forster resonance energy transfer (FRET)
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Intermolecular interactions

Consider a molecule’s electron cloud with a continuous volume
charge density p(7'), generating an electrostatic scalar potential

at 7
1 p@)
dre, |r — 7 |

p(r) =

The corresponding electric field is E = —Vg(7)

If |7| > R we can do Taylor series expansion about 7/ =0

1

L _1_

e

We can thus expand ¢(7) into multipole moments:
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Multipole moments of a charge distribution

: V)l + l(}" -V)?= —
ro 2 r

Electric monopole:

=/p(?)d’r
Vv

Electric dipole: H= /?p(?) dr,
V

Electric quadrupole: Q,',,' = /(3rirj -
‘ Vv

6, )p(F) dr,




Intermolecular interactions

Now place molecule 2 with charge density p,(7) at 7.

Since molecule 1 generates an electrostatic scalar potential ¢, (7) at this position, ¢, (7) and p,(7)
interact with a potential energy of
V@) = [ o) dr
%

But due to p,, molecule 2 also generates an electrostatic scalar potential, ¢,.
Molecule 1’s centre-of-mass is at — with respect to molecule 2, i.e., we must consider p, (7' — 1)

interacting with ¢, (7' — 7) with potential energy . . ., .
VG =) = [ puG =Dl - de

%
T
The total (electrostatic) potential energy is then:
1 (o - 7) = a3y - 7)
R Voo (7) = d192 . q1\Hz qd2\H1
12(7) 47‘[8[ r * r2
Hoeee fy - iy — 3y - Py - 7)
N + 3
p1(7)

3
1

P, (1) + Z Ta rﬂ(Cth,aﬁ + CI2Q1,aﬁ) 273 + -

a,f=1

Molecule 2



Intermolecular interactions

p1 ()2 (")
For charge distributions p;(#) and p.(7):  Veoutomp = y— ﬂ 77 drdt’
For each molecule we can calculate the following:
Total charge q; = fpl-(?)dr
Dipole moment i, = j(f — &) p;(F)dt

Quadrupole tensor  Qygp = [ [3G7 = 7alF — 7 — Sup G = 7 ]pu(Pe

t . - A - A - - A - A
= o L |qqe | g1y - 7) — q(fty - 1) @@— 3@' 7’@' 7)
Vi2(7) = + 2 + 3

4mte

+ Z Ta Tﬁ(QlQZaﬁ +QZQ1a,8) 21,3

a,B=1 | ﬁ_)ﬁnk:<k|

Dipole-dipole approximation for uncharged molecules:

—01 —>01 (—>01 f”)(_)()l ,;\.)

1 ﬁz — 3(ﬁ1 'f')(ﬁz -T) 1 py

1 Tt
Vip = 4_n€<¢%¢(2)| 3 |¢?¢%) — Arre 3




The excitonically coupled dimer

Consider two spatially separated, interacting molecular dipoles.

Each molecule has its own set of electronic states and energy levels, which, in the absence of the
interaction, are governed by H, % = elpl (n=1,2)

Consider the simplest case (a two-level system):i = 0,1

0 0
1. — €2
1D 12)

&
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Ground-state wavefunction: t//O = golo (og

Ground-state energy:  E° =(glp; [H, +H, +V

olo;)
V

=& +& + (00} |V|po;)
=g +&, +V,
. . f . 1.0 0 1
Excited-state wavefunction: V¥ =C@,@, +C,@, ¢,
Excited dimer SE: (I:I1 + I:I2 +\7)wf = Eft//f

This can be solved through time-independent degenerate PT.



Non-trivial solutions require:

where

The excitonically coupled dimer

8:]]: +€g +V11 — Ef

V21

Vi1 = (0193|7|0ip?)
Voz = (0290370 03)
Vip = (‘P&P%lv ‘P%‘P%
Vo1 = (91037 |0 03)

Viz

81(_)+€%+V22—Ef

-

Or with [@q) = |@ip?) and lpy) = [0?03), Wap = (@p|H'l9a)

resonance interaction terms

Identlcal m0|eCUIeS: W|th 8? — gg — O, E% — 821 — 81 s V12 — V21, and Vll — VZZ

Then (51 +V,,—E f )2 :Vé
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Hence, E™ =¢" +V, £V,

4

1,2

1

J2

1

(i) + 009} )

N (lerg2) £ lg1€2))

v 2
1 ¥~ o VR
& X K T — & Vi
ElT_v
O .............................................................................. A V
(pl (pz 1é ........................................... \VJ 00
l/) ’



The excitonically coupled dimer: optical transitions

Transition dipole moment: ,L_im = (90%|ﬁ)|¢(1)>

(o)
band )

do (Cm)?

Dipole strength D,, = /701‘2 ~1.01-10%

Excitonic transitions (and hence dipole strengths) depend on the structure of the dimer.

For isoenergetic molecules:

D™ = <W1’2 ‘ i+ 1 ‘501 @, > =Dy, (1i COS Q)

Example: For anti-parallel dipoles, cos 8 = -1
D1 =0: no absorption occurs to the 15t level

D?=2D,,: all oscillator strength is accumulated in transition to the 2" level



Excitonically coupled dimer: parallel dipoles

Dipole-dipole approximation for uncharged molecules:

1o BBy = 3G PP g 1 RO EO — 3G ) (S - #)
Vip = 4_7T€<¢1¢2| 3 |¢1¢2> —

41Te r3

u? 1-3 cos? 0
ATTE T3

For parallel, identical dipoles, V12 —

TN

gO
1D |2) w.) Absorbance

Hestand & Spano, Chem. Rev. 2018, 118, 15,7069-7163 mohomer dimer
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Excitonically coupled dimer: parallel dipoles

J-Aggregate H-Aggregate
V12 <0 V12 >0

2 identical dipoles:

1 u; =0 1 TT
2 (e -e>T-T/zi L e riman I
7792~ lgsead) 7 T add g J —
o cl -
I
—. ‘._ —. I '_ 2 2
‘. X 1 K 1—3cos“ 8
le1g2) T*T < 1g1e2) le1g2) ”_T < 1g1e2) Vi = Lﬁw 3

.' 1
\ SS—— =
E w=vou e

Q
- >

L lewsa) + lgnes)
NG 19> g1€;

J-aggregate: 6 < 6,
H-aggregate:0,, < 6 < m/2
0, = 54.7°

B
e LB B ] L& &R & &8 N J

o

F
F

19192) 19192)

Hestand & Spano, Chem. Rev. 2018, 118, 15, 7069-7163 11



Franck-Condon principle

fif = (efvf0f|ﬁ|eivi0i) = —e Zi(€f|ﬁ'|ei>(vf|vi><0f|0i>

//—f""" Transition probability dictated by:
r_ 6 2
- FC factor S2 = |(vr|v;)|
V=4

V=3 Symmetry ]
v =2 1. Laporte’s orbital selection rules Can be broken by
, : . :

,I/ =1 2. Phase relation between multiple dipoles — perturbations
El v =0
Spin selection rules: multiplicity B
N 0—>2 240
//
U — 6 Fluorescence Absorption

V=5

V” — 4 50
V' =3
yli — 2
V” — 1
EO ; . 1/” — O
= o
qio

Energy
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Mark M. Somoza, https://commons.wikimedia.org/wiki/File:Franck Condon Diagram.svg Mark M. Somoza, https://commons.wikimedia.org/wiki/File:Vibration-fluor-abs.png




Symmetry-breaking perturbations

Absorption
Y2 For H-aggregates: (i, |7;|,) = 0
11, 2) 1. Structural disorder
— 1L, 1) I,_o increases with temperature
Y1) |1, 0)
0.0 >k 0-1 2. Mixing with |Y5,) |
10, 2) 0-1 side-band + blue-shift
10,1) To;
[Y¥o) [Yovo) = |0, 0) Huang-Rhys factor: S = %
Fluorescence The same perturbations apply to fluorescence, with the effect
2) of disorder strongly enhanced because of Kasha'’s rule.
H f; Determine aggregation types:
Y1) |1' 0) 1. Temperature-dependent abs./fluorescence spectral evolution
X 0-1 2. Fluorescence lifetime
00 0,2) -
0.1) 3. Fluorescence quantum yield

o) == [¥ovo) = 10,0)



Franck—Condon analysis of PL spectra

S :Huang-Rhys factor
Ep: Phonon energy
I’ : Gaussian lineshape

Sm
J-aggregates: I;(hw) < (nhw)?e™> [2 pol ['(hw — E, + mEp)

m=0

P
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Franck—Condon analysis of PL spectra

S :Huang-Rhys factor

Ep: Phonon energy

I’ : Gaussian lineshape

a : Exciton coherence number

Sm
J-aggregates: I;(hw) < (nhw)?e™> [2 pol ['(hw — E, + mEp)

m=0

H-aggregates: Iy (hw) o« (nhw)3e~S

Sm
al (hw — E,) + z Wf(ha) — E, + mEp)
m=1

o 0, no disorder (T = 0 K) = exciton delocalisation —> spectral line-broadening + blue-shift
1, completely disordered (high T) = exciton localisation = spectral line-narrowing + red-shift

P
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Determining molecular aggregation types

1. Temperature-dependent PL spectral evolution
2. PL lifetime
3. PL quantum yield

C1oH24
CqoHzs
C1oH2q N. O
S
-0
S n
C1oH24 o~ N
C10H21\8
CioHas

benzodithiophene—isoindigo copolymer

4

UNIVERSITEIT VAN PRETORIA
33“5?:,',’:, OYFA :%izgz:: E Asmare, FG Hone, W Mammo, TPJ Kriiger, NA Tegegne, J Chem Phys 159, 034901 (2023)

16



Temperature-dependent PL spectral evolution

1.2+ —
- —— Measurement
—e— Gaussian Fit

1.0+

0.8

Normalized PL

0.5

0.2

" "

0.0k ’ — ,
1.3 14 15 16 17 18

Energy (eV)

E Asmare, FG Hone, W Mammo, TPJ Kruger, NA Tegegne,

J Chem Phys 159, 034901 (2023)
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= Loo
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R

40
Tempe,. 208 (00 14 15 16 17
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la. Intensity increase = H-aggregates
1b. S decreases = H-aggregates
2. Red-shift = H-aggregates

0.50 T

——  Solution

—— Film
0.40 .|
0.30 + 4
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HR factor

D' 10 1 | 1 1 1
0 20 40 60 80
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Normalized PL

Normalized PL

Franck—Condon analysis of PL spectra

Normalized PL

~

J-aggregates

I;(hw) « (nhw)3e~ F(ha) E, + mEp)

L ] 1 i ] I i, LY R——
1.35 140 145 150 155 1.60 1.65 1.70 135 140 145 150 155 160 1.65 170
Energy (eV) Energy (eV) H -agg regates
al (hw — E,) +
| f(he) o (nheo)e™ | N 2 -
g HALW) & ANRW) e I'(hw — E, + mEp)
5| m!
= m=1
El
2
. 1 : i IIOI . I I I 7 L ! . i I I i
135 140 145 150 155 1.60 1.65 1.70 135 140 145 150 155 1.60 165 170
Energy (eV) Energy (eV)
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PL lifetime and yield

—— Film J-aggregate H-aggregate

- Solution

------------- IRF & (Ale_t/fl _|—A23_I/T2) “% @@

00 05 10 15 20 25 3.0 3.5
Time (ns)

Intensity (a.u)

>
=
=
m Avg. < (ns) [ ‘
Solution 0,57 Absorbance
Film 0,3 50 1,1 50 0,70
QY ~ 22%

Asmare et al. J Chem Phys 159, 034901 (2023)

Asmare et al. submitted o



Weak intermolecular coupling
V12 << Aglz or V12 << Vel—ph

Excited-state wavefunction: ¥/ = c;010d + 0201 = 0199 + %2

A E .......................
AglzaT 2 x

ElT‘V ....................... —

Absorbance

&
01 12 D |2

Forster regime: Localised excited states

P

a - Excitation energy transfer b.m.o. resonance hopping
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Viz = (9l 903|V|@pled) implies EET.

Timescale of EET?

in22(wa—
|V,,|? sin Z(wo w)t

Pyp(t) = lcg(®)]* = 2

(wo—w)?

Electronic
excited state

G

Resonance
energy
transfer to
nearby
molecule

Molecule A Electronic
olecule Molecule B ground state

Molecule A Molecule B

21



Density of states

p(E)

Emission of D \" Absorption of A

Molecule A Molecule B

Density of states p(E) = number of simultaneous emission-absorption combinations that
conserve the energy.

l.e., number of combinations of D*A and DA* that are available for exchange of the excitation
energy and that conserve the energy.



FOrster resonance energy transfer

Donor

1 Ermissi ‘ Dronor Transition
AE . mission Dipole Plane
Egt5 |V, , |2 sin®5 (wg — w)t Dipole ¢ t
Prs@ = | e p(E)dE %2
g2 R (wo — w) e ®
2 o9
T D
R [Vi2|“p(E)t Tk w e
dPA—>B I3 R '
— ~ 2 E
kip = T ZthZl p(E) Fermi’s golden rule rcceptor
.ﬁbSFarptiDn .ﬂctgl_lszerEniirlun
If we include also off-resonance transitions and switch to Pipole
donor-acceptor notation, then Mirkovic et al. Chem. Rev. 2017, 117, 249-293

2 4m?
kpa = =—~V5a p(E) = ==V, p(E)
The coupling matrix element is given by the dipole-dipole coupling
= 1
Vaip-dip(R) = f? %g K (in Gaussian units)
with f the Lorentz factor and k = cosfr — 3cosfpcosf, the orientation factor

2 2
2 UpHhyg 1

This gives V2, = %k
g DA f 67% R6 23



Density of states

p(E)

Emission of D \" Absorption of A

Molecule A Molecule B

Density of states p(E) = number of simultaneous emission-absorption combinations that
conserve the energy.

l.e., number of combinations of D*A and DA* that are available for exchange of the excitation
energy and that conserve the energy.



FOrster resonance energy transfer

Aabs AT luor Babs Bﬂuor
'

D
Xl
|‘H

Emission of D Vv Absorption of A

The spectral overlap that determines p(E) is proportional to [ F,(v)e,(v)dv

with Fp(v) = Ay, [ e Ep/kTS2dE, Franck-Condon factor: S3 = |(vf|vl-)|2 = |<UED—hv|UED>|2

647" v?
- %‘ e Ep/KTS24E, (Gaussian units) Sk = |<Uflvi>|2 = |<UEA+hV|UEA)|2

Fp(n) = f?n Fp(vac)

12| = =5 15
813N, . . 127 3p2 3h2
= 2 Y p—Ea/kTg2gF  (Gaussian units)
and &) = 350010 h@e Al = | s(w)do
2 h(,()()

ga(n) = Py e4(vac)

kpa ~ V2, p(E), with V3, = fi? 1oka L
pa =~ Voa p(E), with Vp, = f*1e* =54 wo = 2V 25




The Forster equation

6
kpa = k2 (%) Rate of FOrster resonance energy transfer (FRET)

with 5

K Eq(V) - Fp(v
RS =8.8-1017 - — l )~ b 45

- (Risin nmand v is in cm)
n4 v

3
e f?n  (radiative rate)
Cc

kpa depends strongly on: 1. Relative dipole orientation
2. Spectral overlap
3. Inter-dipole distance

This is incoherent energy transfer: Phase information is lost when integrating over whole
spectral band of the acceptor to get Fermi’'s golden rule.

Coherent energy transfer: next two lectures
26



IIIIIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIII
IIIIIIIIIIIIIIIIIIIII

What we have learned

1. Intermolecular interactions

2. The excitonically coupled dimer

3. H-and J-aggregates

4. Forster resonance energy transfer (FRET)



Next lectures

* Linear & nonlinear spectroscopy L
— : : o Dr. Towan Nothling
 EET in the strong-coupling limit
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