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the spectroscopic ruler with 1/R® rule?

Harjinder Singh™? and Biman Bagchi'*

!Solid State and Structural Chemistry Unit, Indian Institute of Science, Bangalore 560 012, India
%0n leave from Department of Chemistry, Panjab University, Chandigarh 160 014, India

Fluorescence resonance energy transfer (FRET) is a
popular tool to study equilibrium and dynamical pro-
perties of polymersand biopolymersin condensed phases
and is now being widely used in conjunction with single
molecule spectroscopy. The rate of FRET is usually
assumed to be given by the Forster expression:
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where k.54 is the radiative rate (typically less than
10°s™) and R is the well-known Férster radius which
isgiven by the spectral overlap between the fluorescence
spectrum of the donor and the absor ption spectrum of
the acceptor. We first present a critical analysis of the
derivation of the above expression and argue why this
expression can be of limited validity in many cases. We
demonstrate this by explicitly considering a donor—
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acceptor system, polyfluorene (PFg)-tetraphenylpor-
phyrin (TPP), where their sizes are comparable to the
distance separating them. In such cases, one may expect
much weaker distance (as 1/R? or even weaker) depend-
ence. Another limitation is that optically dark states
can make significant contribution to the energy transfer
rate—these contributions are neglected in the Forster
expression. Yet another limitation isthat Forster, being
based on Fermi Golden Rule, neglects vibrational en-
ergy relaxation which can be a serious limitation when
therateisin the few picoseconds regime. We have also
considered the case of energy transfer from a dyeto a
nanoparticle. Here we show that the distance dependence
can be completely different from Foérster and can give
rise to 1/R* distance dependence at large separations.
We also discuss recent applications of FRET to study
biopolymer conformational dynamics and an interesting
breakdown of the famous Wilemski—Fixman theory.

Keywords: Conjugated polymers, FoOrster expression,
FRET, nanoparticles, polymers dynamics, spectroscopic ruler.

THE usefulness of fluorescence resonance energy transfer
(FRET) arises from the strong and simple distance de-
pendence of the excitation energy transfer rate*?. The
sensitivity of FRET to distance has led to this technique
being regarded as a ‘ spectroscopic ruler’®, The Forster expres-
sion is based on the Coulombic interaction between the
donor and the acceptor, and a point dipole approximation
of the interaction energy. The expression in its most
common form is given by:
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In addition to applications in single molecule spectroscopy
and biomolecular dynamics, such as protein folding, For-
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ster energy transfer mechanism has been implicated and
criticaly scrutinized in energy transfer in thin films of conju-
gated polymers. These systems are organic semiconduc-
tors with interesting opto-electronic properties. Host—guest
systems comprised of polymer/polymer and polymer/dye
blends offer colour tunability and can be used as colour
emission in display systems®. Cerullo et al.’ have carried
out femtosecond pump-probe experiments and observed
ultra fast energy transfer in the picoseconds timescale’.
Experiments by Barbara and coworkers® have revealed
evidence of an energy funnel in thin films of MEH-PPV,
where the absorption spectrum is broad meaning many
absorbers are present at different energies, while the
emission spectrum is narrow and red shifted, suggesting
the existence of a photochemical funnel. The existence of
such a funnel would require efficient and fast excitation
energy transfer. While a ‘particle in a box’ model predicts
that the oscillator strength/radiative rate is proportional to
the length of a polymer segment and thus can offer a quali-
tative understanding of energy migration to afunnel, a quanti-
tative theory of these phenomenais yet to be devel oped.
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Resonance energy transfer has also been widely used in
the study of protein folding and dynamics of DNA and
RNA"®. Other studies include monitoring of competing
Forster-type energy transfer pathways in single bichro-
mophoric molecules'® and development of intelligent sensor
for metal ions based on FRET™*2,

In the present article we shall discuss distance dependence
of resonance energy transfer via Coulomb mechanism. It
was found that the Forster expression of 1/R° dependence
breaks down at short distances. We shall also discuss the
use of FRET in polymer dynamics and protein folding.

Theor etical formulation

A schematic description of the excitation energy transfer
(EET) from a donor to an acceptor is shown in Figure 1.
EET is seen as an energetically downhill transformation
from an initial state, {D°Ag} i to a final state, { DyA%}
where Dgy(Ay) and D*(A®) denote the ground and excited
states of the donor (acceptor) molecules (or molecular
aggregates) respectively. In what follows, we will refer to
the donor and acceptor as if these are single molecules,
though in reality they may be aggregate complexes. The
vibrational manifold shown on the left in Figure 1 is associ-
ated with the initial configuration { D°Ag} and those shown
on the right are the corresponding states for the final con-
figuration {DgA%}. In realistic situations with the EET
taking place in a subpicosecond time scale, the vibrational
manifold does not get the opportunity to relax to the ther-
mal equilibrium distribution. In other words, even for a
single initial and a single final electronic configuration,
the EET is a set of processes from a collective initial set
of vibrational energy states to another collective final set
of vibrational energy states. However, influence of the non-
equilibrium vibrational distribution is only poorly understood
at this stage and is an active area of research®®. A better
understanding in this area will be useful in many problems
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Figure 1. Schematic diagram of excitation energy transfer from a do-
nor to an acceptor. Electronic states for the excited state of donor and
ground state of acceptor are shown together with the corresponding vi-
brational manifolds.
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of contemporary interest, e.g. that of the photosynthetic light

harvesting systems and biomimetic photovoltaic devices™*.
The total Hamiltonian, H, for the problem is divided

into a noninteracting, Hy, and an interacting, ﬁ¢ parts.

H=H,+H¢ )
Typicaly,
Ho = Hg + Hyip + Hayip, 3

where I:|e,, I—]wb and ﬁd_vib are the purely electronic,
purely vibrational (including reorganization energy for
displaced oscillators) and the electronic—vibrational cou-
pling parts of the individual molecules respectively. The
part describing the interaction H ¢ can be fairly complex,
since it involves the details of chemistry of the donor and
the acceptor and also the medium.

An exact description of dynamics of the system is
given in terms of the time evolution of the density operator,
r (t), for the system as follows™®:

%r(t):-iI:r(t):-i(I:0+|:(9r(t). (4)

Here L isthe Liowville operator with components I:O and
L¢ such that

Lor = %[ﬁo,r]; La :%[F“Pf]- (5)

It is useful to extract the electronic part of the problem
using a projection operator, P,

PA® & | jféj | Z8Try, (A)), (6)
j

where [jfiis a member of the set of electronic eigenstates
{ID°Agii |D A} ; A = &j|Aljfiand Tr is the trace operator
operating over the vibrational coordinates in this case.
The factor qu is the equilibrium canonica partition
function for the Hamiltonian Hg,, thus explicitly intro-
ducing the assumption of an equilibrium model. A reduced
equation of motion, the Nakajima—Zwanzig equation, is
then derived for the projected part of the total density matrix,

dbr (1) =- iPLe ' Qr (0)- iPLPr (t)
t N
- Oyt PLE--WQLPr (t,). 7

0

Assuming that the vibrational levels are initially in the
canonical distribution, and expanding L keeping terms of
up to second order in H ¢ one gets amuch simpler equation,
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Assuming that vibrational relaxation occurs prior to EET
(thus reaching equilibrium), allowing for a timescale ap-
proximation between the projected and the complementary
parts, a Markovian master equation is obtained for the
population elements of the electronic density matrix,

d - - -
qt Fa® =— a Wig,jj Fii(t) + a W i T (), 9)
Kt j Kt j

wherer © Pr and

¥

_ < iHg, t -iHg.t
W i = 2Regyit Tr,, (€ % Hge 7 HEr . (10)
0

The Coulomb coupling approximation

The operator He may be simplified such that it contains
only the Coulombic coupling between the charge distribu-
tions of the donor and the acceptor.

He=H o, (11)
Rigorously, H®' may be defined as
HE = Vpa|DPASfED,A’ + h.c. (12)
With this eqg. (10) is transformed into
¥
Wi e = 2| Von [ Reoc‘ﬂt Foen, 1A, o ): (13)

With energies measured relative to the corresponding
ground states (Figure 2), F;e (t) and A ,e(t) can be
written as Fp(t) and Aa(t) r&é)ectively and’using Fourier
transforms f(w) = Ci¥¥ dte™(t), eq. (13) is further modi-
fied as,

De

Dy

Ag

Figure 2. Separated donor and acceptor processes in a resonant en-
ergy transfer. A concerted de-excitation of the donor and absorption by
the acceptor.
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The quantities Fp(w) and Aa(w) are related to the line-
shape functions for the emission spectrum of the donor
and the absorption coefficient of the acceptor molecules,
except for afew constants. In eq. (14) we have shown afairly
general derivation of Forster rate equation. It is valid as
long as the interaction between the donor D and the accep-
tor A can be separated out.

This assumption ignores the fact that as quantum mechani-
ca entities, the donor and acceptor molecules may have
superposition of wave functions leading to complex effects.
Such effects will be particularly significant when the dis-
tance between the donor and the acceptor is such that
there may be significant overlap between their molecular
orbitals (an approximate formulation for this was developed
by Dexter™”). The above description also ignores the effects
of relaxation in the vibrational manifold of the initial donor
state.

If adistance, Rpa, may be identified between the donor
and the acceptor, and if rp(j) and r(K) are the coordinates
of the jth electron of the donor and kth electron of the ac-
ceptor molecules respectively, the electrostatic Coulombic
interaction is given by,

HC =V(Rp,a) :e—2 3 1 , (15)
2 T IRpa*1p()- ra(k)l

and therefore,

e_zé 1 f
2 Tk Rpa+1p()- 1A (I P /7
(16)

H ggAe,DeAg = <f DgAe

Here we have introduced & , | and & ¢, | as the state
vectors representing the electronic state vectors for the
initial and final configurations.

In Forster’s theory, a further approximation is made of
weak Coulombic coupling between the donor and the accep-
tor and V(Rp,) is expanded in a multipole expansion, retain-
ing only terms up to second order in |%|, giving

_Kpaliplial

(17)
e|R |3DA

€ pe,
DgA° DAy

In deriving eg. (14), we have decoupled the electronic state
vectors & | | and & ;| into products of separate elec-
tronic states for the donof, & Dg|, & .| and the acceptor
éng| and & |, namely

|=& e |&

& o pl= &4 ol and & (18)

DeAg Agla
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such that

N P o . -
T pea) =& pegaey [€AT D) (1) [Ty (4 (19)
i

is the dipole moment of a point dipole located on the donor
(acceptor). The factor kp, is an orientational factor re-
lated to relative orientation of the donor and the acceptor.
Conventionally, the emission spectrum of the donor,
Ip(w) and the absorption coefficient of the acceptor, aa(w)
are defined in the context of radiative processes as follows:

aW)=Call AP & & 1, la,, lcy AP
Vag Ve (20)
d(E- Eje,  *Enuy)
_CDW3 . 20 © . 2
Ip (W) = liol"a a fv  la&y, lcy Al
krad pe Dg D€
Vpe Vg (21)

d(Epey_, - Eoyug, - )

where Franck—Condon factors for the donor de-excitation,
|écDg |cDeﬁ|2 and acceptor excitation, |ac |cAeﬁ|2 ap-
pear separately in egs (20) and (21) respectively, the
functions c; being the vibrational wavefunctions for the
species i. The energy E = Aw, is the amount transferred in
the resonant exchange. The delta functions meet the reso-
nance conditions for the corresponding radiative processes.
The constants C, and Cp, are related to the refractive index,
velocity of light and dielectric constant of the medium;
kg IS the radiative rate constant. The connection with eqg.
(13) can now be established keeping in mind the following
definitions,

3hnc ¥\ dw
A =07 0, € AW

¥

(22)

where n is the refractive index and ¢ the velocity of light,

; - i—(EDe’V 'EDg,vD )t
=28 & f,, l&,  lo, APe °
Vbg Vpe
(23)
1%
d(w) =— e, (24)
Py
and finally,
d(EDe,vDe + Epg'VAg i EDgnVDg i EAe,vAe)

= GjEd(EDeyVDe - EDngDg - E)d(E' EAe'VAe + EAQ’VAg )
(25)
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Thus we get,

w .6

dw
ks O 1o )2 () =Ky E

(26)

Forster _ Constant ,
DA R6

where R=Rpa and Rq called Forster radius is defined as
the DA separation at which the transfer rate is equa to
the radiative decay rate of the donor.

9c*k 5 "aw

4 :&)e—anﬁOOva(W)aA w). (27)
Equations (26) and (27) together are the more commonly
expressed phenomenological versions of Forster EET rate
expression. It should be clear from the above that assump-
tions of (i) equilibrated initial excited donor and ground
acceptor states, (ii) Coulombic interaction between the
donor and the acceptor, (iii) weak Coulombic coupling,
i.e. point dipole—point dipole interaction and (iv) complete
separation of the donor and acceptor energy states as well
as a separation of the electronic and vibrational motions
of each, are necessary to derive the Férster expression. In
spite of these assumptions, Forster expression has worked rea
sonably well for reasonably large distances, O3 100)A,
between the donor and the acceptor.

Distance dependence of Coulombic energy
transfer rate

In order to explore the validity of the Forster expression
for distance dependence, we have carried out a quantum
chemical calculation of the rate between polyfluorence
(PFe) and triphenyl (TPP)*. Here PF; is the donor and

Figure 3. Geometrical arrangement of PR and TPP for study of exci-
tation transfer rates associated with longitudinal or lateral displacement
of the acceptor. Reference position of TPP corresponds to cofacial par-
alel or cofacial orthogonal orientation at a DA separation of 10 A, and
the red green blue (RGB) axes define the reference frame of each
molecule where the B-axis (z-axis) shows the transition dipole moment
vector direction. Displacement of TPP along the z-axis is defined as the
longitudinal direction, while displacement perpendicular to the transi-
tion dipole vector in the plane of the TPP molecule (along the x-axis) is
defined as the lateral direction. Arbitrary choice of positive (+) and
negative (-) displacement directions is also defined.
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TPP is the acceptor. In Figure 3 we show the geometry of
the donor and acceptor and aso the manner in which
separation between them is varied. The calculation of the
rate has been carried out using the Fermi Golden Rule.
We compute the full resonance-Coulomb coupling matrix
element as well as the point-dipol e approximation.

Classic semi-empirical Pariser—Parr—Pople (PPP) Ham-
iltonian, coupled with single configuration interaction
(SCI) was used to carry out the necessary calculations.
From the PPP/SCI wave functions, electronic transition
energies and transition dipole moments were calculated based
on optimized geometries.

In Figure 4, we show the calculated distance dependence
for a given transition. We also show comparison with the
point-dipole approximation, calculated within the same
wave functions. Figure 4 shows that the rate deviates
from 1/R® distance dependence at small separation.

Several comments on the above result are in order. Point-
dipole approximation and Forster expression should remain
valid when the distance is large compared to the size of
the donor—acceptor system. Therefore, in those applications
of FRET where donor and acceptor are dye molecules of
molecular dimension, say L, Forster expression is expected
to remain valid till Rislarger than or comparableto L.

Energy transfer between a dye and a nanoparticle

The ruler-like feature of FRET has found remarkable ap-
plication in the EET between a dye and a nanoparticle
separated by a suitable spacer®. An interesting example of
this is when the spacer is a DNA®. The breakdown of Férster
expression is widely observed in such systems and a vari-
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Figure 4. Distance dependence of rate for cofacial parallel orientation
of PF® and TPP. Open squares represent Forster rate and filled circles
show the resonance-Coulomb rates calculated within the PPP/SCI
framework. EET takes place between the donor molecule of wave-
length 358 nm and acceptor molecule of wavelength 367 nm. The tradi-
tional Ro3 distance dependence is shown by solid line and numerical fit
of the resonance-Coulomb rates to Ro3 by dashed line.

1714

able profile for the quantum efficiency as a function of
the distance between the donor and the acceptor is seen as
shown below,

N

kroser =y FoO (28)
&R B

The index n has the value 6 for the classic Forster case
with Ry = Re and is generaly less than 6 for dye-nano-
particle systems. In a recent example of a fluorescein—
DNA spacer—gold nanoparticle system, the value of n was
found to be 4 for alarge range of values of R".

Attempts have been made to explain this deviation by
invoking a surface excitation transfer’®*® involving exci-
tation of states below the Fermi level of a metal surface
as the absorbing entities. The value of the index n is then
4 even for very large values of R. However, thisis strictly
valid for metal surfaces only and a more specific treatment of
the nanosystem is desirable.

The problem in case of the nanoparticle is that it is neither
so small such that the derivation for EET rate described
earlier for a single absorber molecule is valid, nor is it
large enough such that the solid state theory of metallic
crystas can be fully invoked. A meaningful way of modelling
such a system would be to consider a distribution of electric
charge for the electrons in the acceptor in terms of a charge
density on the nanosystem. The assumption of Coulombic
coupling may still be retained. Further, let us assume that
the donor dye molecule interacts with the acceptor via a
point dipole located suitably, for instance, at the centre of
gravity. Thus eg. (15) is replaced by

Toe®,, 19
HO =V(Rpa) = Qi 2—2—2r (19, (29)

v I(Rpa - rgf
where V is the physical space occupied by the nanoparti-
cle, T ¢is the dipole operator for the donor, r(r9 is the

charge density distribution in the nanoparticle, r¢being a

r¢fFR

R rep R

Donor Acceptor

Figure 5. Schematic picture of donor—acceptor interaction, where the
donor is a dye molecule and acceptor a nanoparticle.
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coordinate with respect to the CM of the nanoparticle,
Rpa and 7¢ are the unit vectors in the direction of Rpa
and r¢respectively. In what follows, we write Rps as R
for convenience.

Similar to the discussion earlier, the integrand in eq. (2)
can be expanded in a multipole expansion retaining only
terms up to the first order. Thus we obtain

N rp rf
VR)=Tp. gt R-r9e—+ +Q r(r‘D (30)
Vv gfr
where r ¢, is a vector with magnitude r ¢,y equal to greater

(lesser) of R=|R| and r¢=|r¢, Q refers to terms of quad-
rupolar and higher order. For ry = R, this becomes

é 2 u

~ R ~ 0 7

g o LAGE m%+_r¢|§ +Q+ r(r(9+g

_ A ?r‘lpR g (%] u
V(R)—nb.g , Q.
é N A a

A -~ . & 4, Rf¢ O -

é A - Sl AL - U

g OerR rtygrq: 5 +Qar(r® i
gwR b

(31)

To achieve the EET rate as from eqg. (14), we need to eva-
luate Vpa, i.e. @D°AgV(R)|DA R A decoupling approxi-
mation is made here as follows:

Vpa =& ef

a IVR) [T o f ot (32)

Also, charge density may be written as a sum over contri-
butions from individual electronic charges,

Grer9rc9=arir9f 9, (33)

where r(r is the contribution to the total charge density
from the ith electron in the nanoparticle and f(r is a con-
tinuous function of r ¢ This gives,

Voa —ip-A
i
¢ N & reR & u
Y P Ie D u
éf%(R r«)gR+ z E'r.(r(I)fAe e
¢ rprU
¢ ¢ 2 0
é &l Rir o) u
& +(f —+ +Q r(roff o y
e reFR g
where
My =& pe | MIf o, fi (35)
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and the matrix elements are now evaluated by integration
over only the part of the configuration space specified by
the subscripts R F r¢(first term) and R p r¢(second term).
It can be seen easily that the lowest order termis

N GRS
=8 P
IDa§< ‘(R (rgf > l:l’
&+ . a
g ¢ 14 er

Typicdly, for a metallic nanoparticle like a cluster of gold
atoms, & | and & ,| are excitonic states undergoing
plasmonic excitations. The corresponding wavefunctions
are delocalized functions spread all over the nanoparticle,
with the extent of delocalization dependent on the size of
the system. When R is reasonably small (not too small so
that the direct overlap of orbitals between the donor and
acceptor becomes significant) and the nanoparticle is fairly
large, contribution of the second term will be relatively
large. It can be seen more clearly by writing the radial and
polar integration variables separately.

VR =ipa

?T:;L moRdr(Bf?f%(rQ(R- FQr, (rof Ae(rtyu 37)
(‘ﬂ‘"ﬂﬁ r

s odr%(r@(R-r@ri(r@fAe(r%

e refFR 9]

where WEis the variable for integration over the spherical
polar space.

The two terms in eq. (37) differ from each other by (i)
presence of the factor (r¥R?) 1 (0, 1) in the first term and
(ii) for large nanoparticle sizes, the second term has a
much larger volume of integration also. In such a case, the
variation of V{Y with R will be quite complex and less
attenuated than R and hence from eq. (14), that of the
EET rate with Rwill be less attenuated than R™. In particular,
if in the core regions of the nanoparticle, the charge density
is approximated by an average value i for the first term

in eq. (37), say Vé}A , we get

N [ LA o

ViR =l ooz @4 IR 191 cfipn .
= Ra | 0
"o & A

A8 ﬁ'ﬂipR - & I‘g r¢f A8 ﬁ"le%'

Since the state vectors & .| and & 5| are orthonormal, it
islikely that both the integralsin eqg. (A%) will have negligible
values compared to the second R-independent term in eq.
(36).

The familiar Forster variation of EET rate as R is re-
trieved from the next higher order terms,
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, el a [(R- PR 91 gy
v,gizzziD.ag ) i 3(39)

A+ R-TORFCZ|f  Rerny,

g8 n |(R-PIRPELZIT arny

When Ris very large compared to the size of the nanoparticle,
the Coulombic interaction is effectively between two transi-
tion dipoles with a variation as R and Forster rate as R

We have thus demonstrated qualitatively by considering
the size of the acceptor comparable to or larger than the
distance of separation between the donor and the acceptor
that in such cases, one may expect much weaker distance
(even as weak as 1/R?) dependence than the Forster rate
expression. This is observed in FRET experiments widely.
Thus the problem left to be solved is to find a phenome-
nological/spectroscopic means analogous to eq. (26) for
the dye—nanoparticle system, i.e. whether an expression
like eq. (28) could be written where Ry = Rr is defined in
terms of spectral overlap between donor fluorescence and
acceptor absorbance characteristics.

We can write in general,

2 e b 0
at+t—+..-, 40
&€ R g (40)

where a is a quantity dimensionally similar to the square
of a transition matrix element of an inverse length square
over the excitonic states of the acceptor nanoparticle, while
b is likewise similar to a transition dipole moment. Com-
paring with the derivation earlier, we can write, to the
lowest order in /R,

2_\
[Voa I°=11p |

w

s \dW
kpa = Constant” Ko 07 IpW)Xa W) =kgRy,  (41)
0

where
XaW)=Culca P& & 1., 12, Ic, AF
e (42)
d(E- EAe,vAe +EAJ'VA9),
and
o} ES 1 U
gA»a<ng(R-rq 'Egnge> : (43)
i ' reFR

all terms being as described earlier. Thus we have retrieved
a description similar to the one presented earlier, except
that the absorption coefficient sa(w) is replaced by the
quantity Xa(w) and

oc* “aw
O 1o (W) X (W).

goe’n* ;W (44

R):
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The analysis may be extended further to the terms containing
higher powers of 1/R in eq. (40).

A summary of the theoretical results discussed above is
as follows: The rate profile of EET with respect to the
distance between the donor and the acceptor may be classified
in three different regimes. When the distance Rp, is too
small, overlap between the orbitals of the donor and acceptor
molecules makes it difficult to define a clear profile. In
this regime, Dexter mechanism resulting in exponential
variation of rate with R may dominate. When the distance
is very large (O( 100)A) and the Coulombic coupling
between the donor and acceptor can be approximated by
the dipole—dipole interaction term, then the classic Forster
variation as R® is seen. In the regime of intermediate dis-
tances between the donor and the acceptor, the profile
may go as R™, or as R, or it may even be independent of
R, depending on how small R is and the nature of the sys-
tems involved. If either the donor or the system is large
with an average radius comparable to or larger than the
donor—acceptor separation, it is necessary to go beyond a
dipole-dipole interaction and consider interaction be-
tween a charge density distribution on it interacting with
a transition dipole or a similar charge density distribution
on the other species. Such a treatment of the problem provi-
ded us with arate profile that depends on anywhere between
zeroth to fourth inverse power of donor—acceptor separa-
tion, depending on relatively how large the donor or ac-
ceptor entity is. We have also surmised that a quantity
akin to the Forster radius R- related to spectroscopic parame-
ters may be described for these intermediate regimes also.

FRET and polymer dynamics

As discussed elaborately in the previous sections, FRET
is the transfer of the excited state energy from an excited
donor to an acceptor. This transfer occurs without the appear-
ance of a photon and results primarily due to the Coulom-
bic interaction between a donor and acceptor. Recently,
FRET has emerged as a powerful technique to study both
the conformation and dynamics of polymers and bio-poly-
mers. One can combine FRET with single-molecule spec-
troscopic techniques to obtain histograms of energy
transfer efficiency which provides valuable information
about the temperature and denaturant-dependent confor-
mational states of the protein®. We now discuss means to
deal with the fluctuation in distance between the donor
and acceptor species and also aspects of FRET efficiency.

Wilemski—Fixman theory

In 1974, Wilemski and Fixman® (WF) presented an elegant
theory for diffusion limited intrachain reaction of a flexible
polymer chain. WF considered a simple Rouse model? to
describe the polymer chain with N monomers. In Rouse
chain, the hydrodynamic and excluded volume interactions
are absent.

CURRENT SCIENCE, VOL. 89, NO. 10, 25 NOVEMBER 2005
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FRET in disordered systems presents a complex problem?.
The complexity of describing the dynamics of energy
transfer of polymers in solution arises from the fact that
due to chain connectivity, the Brownian motion of mono-
mers on the polymer is strongly correlated. The many-
body nature of the polymer dynamics can be described by
a joint, time-dependent probability distribution P(r", t)
where r™ denotes the position of all the N polymer beads
at time t. The time dependence of the probability distribu-
tion P(r™, t) can be described by reaction-diffusion equa-
tion®? as given below:

T o/ N N

Tt P(r™,t) =LgP(r

1) - keS(RIP(rY 1), (45)

where koS(R) is the sink term and Lg is the full 3N dimen-
sional diffusion tensor given as,

oy 1 _P(r.1)
Lg(r.t) = Delﬂ Py )‘ﬂr e

(46)

where the subscript ‘eq’ denotes equilibrium, R is the scalar
distance between the two ends of the polymer chain and
D is defined as the centre of mass diffusion coefficient.

The survival probability, S(t) is defined as the prob-
ability that the chain has not reacted after time t and is
given by,

So(t) = P ) drydr,... dry. (47)
The Laplace transform of the survival probability is
kv,
So(9)==- . (48)

S SPL+KD(9)/Vg)

where sis the Laplace variable, D(t) is the Green’s function
and Ve is the equilibrium rate.

WF theory was applied to Rouse chain with Heaviside
sink function. This theory provides the understanding of
time-dependent energy transfer processes because time-
resolved FRET experiments can be an important tool in
understanding the folding/unfolding transitions. Lakshmi-
kanth et al.® performed time-resolved fluorescence with
the maximum entropy method to analyse the decay kinetics,
on a small protein barstar to show the existence of many
equilibrium unfolding states contrary to the belief of the
two state model of protein folding. WF theory with suitable
modification can be used to understand protein folding®.

FRET efficiency

FRET can serve as a probe to study the structural morphology
of a polymer chain. Recently, computational studies of
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Forster energy transfer efficiency’®%* showed that it can
indeed differentiate between different conformational states
of collapsed polymer, such as rods, toroids or simply the col-
lapsed disordered state. Experimental studies”** demon-
strated that the single molecular spectroscopy can be used
to obtain FRET efficiency distribution. FRET efficiency
distribution (F ) is defined by the following relation:

k(R
F= #' (49)
K(R) + Koy
where R is the distance between the donor and acceptor.
Assuming the reaction rate to be given by the Forster rate
from eqg. (1), we get

1

= 50

1+ (R/R.)® (50)
The probability of FRET efficiency distribution P(Fg)
can be defined by the following expression,

P(F¢) = a d(F - F et ) (51)

=1

In each simulation, after choosing a donor—acceptor pair
at time t =0, the pair is followed till the trajectory gets
terminated due to energy transfer between the donor and
acceptor pair. Here, N is the total number of independent
polymer chains, and t,, is the time taken for a trajectory
to terminate from the time of its generation.

Comparison between WF theory and simulation

The predictions of WF theory are compared with Brownian
dynamics (BD) simulations on Rouse chain model®®. Rouse
chain is a simple polymer model having only bonding in-
teraction and no excluded volume. This is called the ideal
chain. BD simulations are carried out for an ideal Rouse
chain, where the neighbouring beads interact via a har-
monic potential U given by,

)2, (52)

_3 4
=oza-r
20* 7

where b™ is the Boltzmann constant times the temperature,
rj is the position vector of bead j, and the number of
beads constituting the polymer chain is N+ 1. The mean
square bond length is b® The equation of motion of the

beads under Brownian motion is given by,
rj(t+Dt) =1, (t) +F; (t)Dt + DX (1), (53)

where rj(t) is the position of jth particle at time t, Fi(t) is
the systematic force and DX®(t) is the random force ob-
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Figure 6. Comparison of simulation results (symbols) for S(t) to predictions of the WF theory (line) for (a) alarge Forster rate, namely k- = 10 at

R==1for N =50, and (b) for alonger chain (N = 100) at R- = 8 and ks = 1.

tained from a Gaussian distribution with zero mean and
standard deviation of 2DDt. In eg. (53) the time and energy
scales are fixed using units where b = 1, the bead diffu-
sion coefficient Dy =1, and the mass of bead m=1. All
the results are presented in these dimensionless units. Dt is
varied between 0.0001 and 0.01, depending on the Re
value. Larger the Rg, greater is the requirement for the
smaller time step. For example, at ke=1, when R-=1, a
value of Dt = 0.01 is used and for R- =5, a much smaller
time step, Dt = 0.0002 is used.

Survival probabilities obtained from BD simulations
agree well with predictions of WF theory. Although the
agreement is good for small R- values, simulation results
start deviating from WF at larger Re values” . Here
comparison between simulation results and WF theory is
shown for different Forster rates ke, Figure 6a shows re-
sults for large Forster rate, while Figure 6 b shows results for
small Forster rate, but relatively larger Forster radius. The
decay of surviva probability is generaly non-exponential,
more so when the Forster radius is less than the radius of
the polymer. The WF theory reguires modification when
Forster rate is much faster than the rate of diffusion. Such a
modification has recently been carried out™.

Conclusion

The pivotal role of FRET in the fast developing area of
biodynamics is well established. Most FRET studies in-
vestigate Forster-type energy transfer pathways, with the
rate of EET varying with the distance between the donor
and acceptor, R, as R®. However, it is found in numerous
experiments that when the donor—acceptor separation is
comparable to the size of the donor and/or acceptor molecule,
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i.e. Ris not large enough, the rate profile is less attenuated
and can be as weak as R?, more commonly’ R™. Here we
have critically examined the limitations in Forster theory
and underlined the questionable assumptions ranging
from that of equilibrium prior to the EET process — thus
ignoring the role of the vibrational manifold in the fast
processes taking place to the weak Coulombic coupling
between point dipoles located on the donor and acceptor,
which is not valid for donor/acceptor sizes comparable to
the separation distance. We have attempted a modified
theoretical formulation of the problem, specificaly for
the application to dye—nanoparticle system, and have shown
that the lowest order term in the rate profile is independent
of R. It is desirable that a final expression similar to For-
ster expression relating the rate of EET to line shape func-
tion of the emission spectrum of the donor and absorption
coefficient of the acceptor be obtained. Numerical simu-
lations for the case of a segment of a conjugated polymer
(PFg) as a donor and TPP as an acceptor using the semi-
empirical gquantum chemical methods were discussed.
Fluctuations in the magnitude of R were dealt with using
BD simulations within WF theory on a Rouse model.

The results and arguments presented here and else-
where'® clearly indicate the need to go beyond Forster
approach and WF theory for understanding FRET results.
With the explosion in the studies on nano—bio systems
and the increasing amounts of information about such
systems becoming accessible, aternatives to Forster EET
rate theory and WF theory of diffusion on flexible poly-
mer chains will draw increasing attention®.
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