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EXCITATION ENERGY TRANSFER [N BIOLOGICAL SYSTEMS

1 PHYSICAL NATURE OF EXCITATION ENERGY TRANSFER

The notion of excitation energy transfer apples to the exchange of energy between
closed physical systems (molecules) excluding mass or charge transfer Thus the exchange
15 achieved thanks to the electromagnetic field which exists in the surrounding medium
In most biological processes, excitation energy transfer involves exchange of quanta which
belong to the visible part (or near UV and IR) of the frequency spectrum (1e. 1.5 do 3.5 V)
These frequencies are associated to the motion of weakly bound electrons (siow electrome
subsystem) Let us consider the interaction of an iolated molecule with a pure transverse
electromagnetic field (frequency w) Under the action of the electnic field E (w) 1t appears,
within the molecule, a polanization P(w) which -n the linear approximation is hnked to

b (w) by means of the complex polanzability tensor a(w)

P(w) = &(w) Eo(w) (1)

If &(w) 18 known, it 15 possible to analyse the optical properties of the molecule For
mstance the absorption 18 proportional to the imagnary part of this tensor. For some
particular frequencies (w_ ), the induced polarization becomes very large (resonance) and
the absorption spectrum exhibits a strong absorption band In the first approximation,
this band may be considered as an absorption Ime, and thus

Im'a(w) = %dz T 58(w, — w), (2)

where § denotes the Dirac distnbution, sd 18 the dipole moment corresponding to the re-
sonance frequency w, (d length and 3 direction of the dipole).

In quantum mechanics 1t is possible to demonstrate that w  corresponds to the frequency
of a stationary state of the molecular electromc system. Concerning our present discassion,
equation (2) mdicates that the optical properties of a molecule are -near a resonance-
similar to those of an oscillating dipole (proper frequency w,)

An electric field E, o{w) induces a polarization F(w), but an oscillating dipole gives nse
to an electromagnetic field (fig. 1). It may be evaluated by means of the Maxwell equations
At short distances (r € A = wfec, ¢ veloaity of hight), the emitted electric field E(w) may

be calculated in the static approxmmation {Cn'nlnmh Inw\ and

E@) =E() = 5 (*; )P @

[121]
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Fig. 1. Electric field emitted by an oscillating dipole P- E_  Coulomb and E, radiative fields

The corresponding wave 1s longitudinal.
At large distances (r > A) the field £ 1s transverse and correaponds to the radiative

part E (w) of the emitted wave .

—

- 2 -
Er(w) =W guwler (1 -3 )P(w). (4)

r

In biological systems r 15 small as compared to the wavelength A. Thus the exchange
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the transverse field represents the radiation scattered by the molecule. (For macroscopic
crystals it it necessary to take mto account the intermediary distances retardation effect,

Agranovitch [If)

- Ly =
B, m
—
3p.dn Sm. 9
W

ain

s

—
Em.n

mj

r

e
7 M\
mnm

Fig. 2. Coulomb interaction between two oscillating dipoles

Now we consider a system (dimer) with two oscllating dipoles (}’; and —ﬁm at the
apart duistance r (fig 2) (proper frequencies w, and w , dipole moments .'_;:dn and
?mdm)' The interaction between the dipoles takes place through the Coulomb field gven
by equation (3). Then for mstance thefield E_ = acting upon P, 1s
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E . w)=T, P (), (4a)
where
T o-fsrir _\17p (4b)
nm 9 3 "m,
r r
The moton of P, 1 desinbed by the equation

(G Epp) ©)

Let us mntroduce the two complex amplitudes g, and g, defined in the following way

—

P, =d s, Req, , P =d_ s Regq, (Re=real part), (6)

n n

we find from (5)

n = — W, — M, q,, (M)
where

M, = _4d5 T 5 d., (8)
and

. _4dq,

I 74 °

[In quantum mechames analogous equations are obtamed in the frame of the second
quantizaton Starting from equation (7) 1t 15 necessary to replace ¢ by & and q: (con-
jugated of ¢ ) by b:, where b_ and b: are the anmhilation and creaion operators for
an excitation [L1]}

From equation (7) it appears that the coupling of two molecules through longrtudinal
electromagnetic waves 18 formally equivalent to a linear coupling of two oscillating dipolea.

2 COUPLING OF ELECTRONIC AND NUCLEAR MOTIONS

As yet we have supposed that the electronic motion was not disturbed by the nudlear
one. Thus to the proper frequencies were assigned discrete and well defined values But
the molecules of biological mterest are made of many nucler and consquently present
a large number of vibrational modes. To some of these modes correspond large frequencies
(hewo >k T). One, or a few number of these modes and an electronic excitation may be
created at once This case 18 very similar to the one analysed before. The proper frequency
of the associated oscillating dipole 1s equal to the sum of the pure electromc and vibrational
modes frequencies (vibromec mode). On the other hand, the low frequency modes (hw <kT)
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give rse to multiphonon processes. They introduce a statistical modulation of the proper
frequencies. This kind of “nuclear nose™ plays an important part in the process of excitation
Bllcrgy lfallslﬂf

Let us return to the case of an 1solated molecule In the absence of any couphng with
nuclear motion, the time evolution of the amplitude of the polamzation 18 governed by the
equation (see equation 7)

‘in = = lwnqn (Mnm = 0)!

and (equation 2) the imagnary part of & (1 e. the absorption) 1s proportional to
- ¢
Ima ~ §(w, — w) = 1 f e'(w “n) dt,

By the mere fact of the low frequency vibrational modes, w, 18 a stochastic function

of the time w, (1) Then-

qn = lwn(t) qn,
%)
t
g, = exp—1 f w (thdt' g, (0),
[»}
and
1w ‘
Imd~=— [ <exp@wt —1 [ w(thdt > dt, (10)
Zﬂ' u * o ns 7 s

0

where <.. > denotes a mean value over the frequencies

Since the value of w,_ 18 not well defined, the absorption band has a finite band width w,
and its shape 1s given by equation (10) The explicit solution of such an equation was
obtammed by Kubo [3].

Let us introduce the fluctuating part w;.(t) of the proper frequency,

w () = w, (1) — <w,(t)>, (11)

and the correlation time 7, of w;

o= <wl(t) W e+ 0)> doja2, (12)

c
0

where
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A= <w2@y>? (13)

1cal nterest Ar » 1 (The correlation time 1 aseociated to low
[

¢ 3
frequency vibrational modes 18 about 1071110712 5 and A which 15 of the same order
of magmtude than w 15 about 1014 s_l). In this condition [3] one finds

.3 9
-ry

¢ .
<exp — af w! () dt' > ~ exp — att . (14)
0

2

The absorption band 15 a Gaussian hne centred at the frequency <« (t)> Its band
width w 18 given by the following equation

w = 2 35A. (15)
In a simpler way, 1t means that 1if 7 15 large we are 1 the static case and
r ¥ P e
¢ ., , ~T ¢ , ,
Cexp -1 [ wyydr >~ e " p(w)) do, (16)

o

where p(w,) 18 the distnbution law of w!, p(w!) may be expressed mn terms of nuclear
coordinates. R being one of these coordinates, the energy of the molecule in the ground

state fO(R) and m the excited state E_(R) depend on R (fig 3) Introducing the quantty
~R

R

n

x = where R and R_ are the qubbrium poations i the two states
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Fig. 3 Potential curves for the motion of nucler in the ground state Eo(x) and m the excited state
En(x)
(B) and (A) are respectively the sbsorption and the fluorescence bands corresponding to the transitions
between these two states
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E,(x) = —;; hQ x2, (17a)

E (x) = h(w,(o) * :,li Q1% - Q) (17b)
Thus.

w, (x) = w, (o) — x4, (18)

p(w,) ~ exp — BE (), (8 = 1kT), 19)
and

Im @ ~ <§{w. (o) =z — w)>p, (20)

where <.. >p denotes a mean value obtained with help of the Boltzman law (19) As

this law 13 a Gaussian function of x (equation 17), the absorption band is also a Gaussian
hne Its band width w 15 given by the relaton

w = 235 <(w,(x) - w, (o)) >11,l 2-235 .(km,n)l/? (21)

As 1t may be seen on fig 3, 2 s equal to the Stokes shift of the maxmma of the absorption
and fluorescences bands

Let us consider, in the same formalism, the case of a dimer The equations of motion (7)
may be written

g, = — w,(x,)q, —1 M“m T (22a)
‘im z - twm(xm)qm -t M 9. (22b)

x, and x_ represent mtramolecular vibrational modes. (The effect of intermolecular

h
NS DU 7 S PP I
mOdes on mnam 18 ICgiecien).

It appears two resultant modes for the dimer, with the two proper frequencies w, (x,, x,,,)

1
0 (g 2) = Yz [0, () + 0y () £ (@0050) — om@m )2 + 4 M2) ). (23)

It must be notice that even if the two molecules are identical, the root mean square
deviation o . of the difference between their two proper frequencies is finite. If the two
vibrational modes X and X A are not coupled -which 1s generally the case in biological sy-

stemsg-.

0, = <{(w,(x,) — wm(xm))2 >11;12 = 2 <dw, (x,) - c...Jn(o))2>1,2 =06w. .(24)
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Thus the vibrational modes remove the degeneracy which was exmting between the two
electrome oscillators

Three different cases may by distingumshed:

a) Mnm > o nm strong coupling. The dimer absorption spectrum consists of two
Gausman band cevtred at the frequencies w (o) £+ M (w, (o) 1 supposed to be equal
to w,(0)) H the two vibrational modes x  and x, are not coupled the band width W'

of these Gaussian lines 18 equal to W/\/2 The circular dichroism has the classical form
of the difference between two Gaussian bands,

b)Mnm € 0 nm That 15 the case of a very weak interaction between two different
oscillators. There 13 a small perturbation of the proper frequencies w, (o) and w, (o)
(Van der Waals mteractions) and -generally- the appearance of a weak circular dichroism,

c¢) the most interesting case i biology 1 the following

Mnm <o nm,

but |w (o) — w, (g}l < w (the widths of the absorption bands of the two mono-
mers are supposed to be equal).

That is the case of weak coupling between two 1dentical oscillators. The dimer absorption
band 1 similar to the monomer spectrum but presents a frequency shift equal to about

—2 Mnm (:‘n ::n) It appear also a S-shaped circular dichroierm. It must be notice that
in this case of weak coupling the circular dichroism 1s not the result of the difference

between two Gaussian bands but (Paillotin [5]).
circular dichrosm ~ Im(a) Re(a)

=
where & = Trace of a.

*

3. TRANSPORT OF EXCITATIONS

The probability p_(t) to find, at the mstant of time ¢, an excitation localized on the
nth molecule of an aggregate 18 equal to the square moduius of q_(¢) As an excitation
18 not necessarlly localized 1t 1 useful to introduce the densty matnx G(t), such that

&o. = {6, 0}

where

Com® = 4, qn(®) (,(¢t) = G, (1)),

when n # m Gnm 18 a measure of the extent of the delocalization of the excitation over
the two molecules n and m,

To analyse the motion of excitations equations (22) must be written by taking into
account the time fluctuations of the proper frequencies (equation 9) Introducing the
matnx F(t) = { T, (t)} defined as follows:

t

Lm® = &2 ¢ J (©,(¢) — 0, ()dr') G, ),



128 Guv Pallotin

one obtains
() = — (M) T() + 1 T()M()
= — M), T = — @) T (25)
where

t
Mnm(t) = expG S (@, () ~ w, (") dt') Mnm,
(26)

[M, Il or M*T denote~ a commutator

It appears clearly that the «tume fluctuations of w, (!) mnduce tune fluctuations of the
couphing matnx M ’Formally equation (23) 1s very similar to equation (9), M™(t) playing
g P Fy 2 L el e A o aBumin =

al. 1 i~ .. Fan PR I oo s A L o.e b e Bz JEFTRRR R V. SO 'S T
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<Mnm(t)> This mean value may be obtain with the help of equations (14) and (24)
<Mnm(t)> = Mam exp ((<w > — <w, >t - t? o2 ) 27)

If Mnm >0 (strong couphng), <Mnm(t)> 1s not neghgible and the motion of excitaton
18 coherent *

In the case of a dimer, and starting with locahzed excitattons the time dependence
of p(t) ® gven by the following equation

py () =% + 3 (0y(0) — py(0)) cos 2 Myt 28)

The excitation 1 exchanged
In the other hand if Mnm < ¢ nm the motion s not coherent Only the fluctnating part
of Mnm(t) plays a role We must imtroduce a correlation time r’; and a characteristic

frequency A’ as those which were defined in equations (12) and (13)

PO L | PO AP s bl Foirin werendaansal
Pﬁlluull‘ﬂlly MOLWOEIE LT LWU LU oLuieh

+oo
' 1
e * 3 S <M, M__(t+8)> df, (29a)
A2 _ ag2 (9011
[ IV.lnm \A‘Ju;

Then according to equations (14) and (21)

7
e Vi

if the two molecules are 1dentical and if the Stokes shuft = 0

exp [~ (<w, > - <w > — 2?/4QkT], (30)
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T, = 4w

Then of 74" = 4200

15 small, the motion of excitation 1s incoherent and 18 governed

by a diffusion equation The rate of transfer L = of an excitation from the nth molecule
to the mth 1s equal to

L, =t M2 31
This equation 18 sumilar to the Forster one (Forster [2]) VFor a cymetncal
dimer one obtans

o

p1) =5+ 5 (01(0) — pylop € 2, (32)

py(t) tends i an wrrevetsible way towards an equilibrnum value

If T' A, all tha matinn aof ovos

naad roawes orve watinne 1c nenharant r'l‘ru..n- a sm J" firnn and
i8 IEVFL ¥ J OALACARLy  LLEW IRRLFRLIVILL Ci SX{OINERI0Ns 18 conerent QuUrln DEEAGKRE 3T L gaRALE
a non-Markoffian motion must be expected (L a of Firsov [4]) To sum up

a)y f Mnm >0 ~ w (equaton 24) the couphng 19 etrong and the motion is coherent

There 13 a revermble exchange of excitation between molecules and the frequency «f

exchange 1s proportional to Mnm r™ ~3 mechanism (r is the distance between the conadered

molecules equations (8) and (4)),

b) if Mnm < W and <w, > = <w, >, the couphng 15 weak and the motion incoherent

The rate of excitation transfer 18 proportional to Mgm r=% mechanmsm
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Guy Paillotin
PRZEKAZYWANIE ENERGH WZBUDZENIA W UKLADACH BIOLOGICZNY(
Streszczente
Problem standw wzbudzonych 1 preekazywania energn wzbudzenia ma duse znaczenire w wiecla

podstawowych procesach biologicznych Praca =awiera wyniki oryginalnych rozwazai teorctycznych
dotyczacych przekazywama energii wzbudzenia prreprowadzonych ma gruncie el ktrodynamiki kwanto-

9 — Zagadntenia biofizykl 1 3
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we) Rozwazama przeprowadzonc sy dla stosunkowo prostych modceh, leez ich prostota pozwala na
przeprowadzenie podobnego typu rozumowania nawet dla bardzo /ozonych ukladéw biologicznych
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