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Abstract

The energy transfer between chromophores attached at the ends of an isolated polymer chain was studied. Chains
labeled with different or equal fluorophores at the ends were considered. Interpolated analytical expressions dependent
on a unique parameter, were derived for the fluorescence decay curves taking into account the distribution of end-to-
end separations in both 6 and good solvents for the polymer. The donor decay curves for chains with dissimilar
chromophores were compared with the exact solution obtained by numerical integration. The derived expressions
reproduce the decay for all times with a precision better than 1% for pseudo-ideal chains (0 solvents) and 3% for chains
in good solvents. The inhomogeneous broadening of chromophore spectra is important when its width is larger than
20% of the homogeneous broadening width.

The fluorescence decay curves in the presence of Brownian motion were also calculated after solving the
Smoluchowski diffusion equation for the end-to-end separation distance distribution function. Chain dynamics is
important for donors with long lifetimes, high diffusion coefficients and donor—acceptor pairs with small Forster radius.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The fluorescence of polymers has been used to
extract relevant structural and dynamic informa-
tion on polymer systems, both in solution and in
the bulk. Particularly useful is the study of the
energy transfer between similar or different fluor-
ophores attached to the polymer chain [1,2]. In
general, the energy transfer occurs by both short
and long range interactions, but the long range
dipole—dipole term is usually dominant [3]. The
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energy transfer rate by a dipole—dipole coupling
mechanism has a 1/r® dependence on the donor—
acceptor separation and so the fluorescence
decay curves strongly reflect the distribution
of distances between the chromophores, providing
relevant information on the conformation and
dynamics of polymers. For moderate polymer
densities, the fluorescence observables become
very complex due to the intermolecular energy
transfer processes [1,4]. For this reason, the
experiments are generally performed under very
dilute conditions, allowing intermolecular excita-
tion transfer to be neglected.

Three different types of chromophore
attachment to a linear polymer chain can be

0022-2313/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PIL: S0022-2313(01)00227-7



270 E.N. Bodunov et al. | Journal of Luminescence 96 (2002) 269-278

considered: The simplest case consists of polymers
with simply one donor and one trap chromophores
[5,6]. Fluorescent tagged polymers synthesized
from macromolecules with functional groups of
much different reactivity towards the donor and
traps and some biomolecules belong to this
category. The second case consists of donor and
trap chromophores randomly distributed among
the sites of each polymer chain [1,4,6-11]. The
occupancy of a particular site is independent of the
type and number of chromophores substituted at
other sites. Such polymers can be synthesized by
esterification of long chain dialcohols with acids
(containing a donor or a trap) that have equal
reactivity towards the alcohol. The third and last
case consists of polymers with a regular distribu-
tion of donor chromophores along the chains,
while the acceptor distribution is random [1,2,12—
14]. The aromatic vinyl polymers with very low
concentration of excimer forming sites (traps)
belong to this group.

The aim of this work is to study the direct
incoherent energy transfer from an electronic
excited fluorophore at one polymer chain end to
a similar or different molecule at the opposite end.
Interchain transfer events are neglected, which
supposes the use of very dilute solutions. It was
also assumed that the polymer adopts a coil
conformation with known end-to-end distance
distribution function for both 0 and good solvents
and that the energy transfer occurs by a dipole—
dipole coupling mechanism. First, the influence of
the end-to-end chain distance distribution function
was studied, considering an immobile chain during
the energy transfer events (static transfer). Next,
chain dynamics is introduced using a Smoluchows-
ki diffusion equation for the chain end-to-end
distance distribution function of a harmonic
spring chain (dynamic transfer).

2. Static energy transfer
2.1. Donor-to-acceptor energy transfer
The energy transfer rate between a donor and

an acceptor separated by a distance r, and
considering only the dipole—dipole interaction

term, is given by

6
W) = 3(&) , (1)

T\ Tr

where Ry is the Forster radius and 7t the
fluorescence lifetime of a donor in the absence of
acceptors. For a polymer chain with a donor at
one end and an acceptor at the other one and
neglecting the back transfer, the number density of
donor excited molecules obeys the rate equation

d
TP 0) = —w(p(r. 1), @

The intrinsic processes of deactivation of the
donor are not considered because they are
independent of the transfer events and can be
included by multiplication of the final expressions
by the intrinsic donor decay, exp(—t/7). For a
constant chain end-to-end distance, the integration
of Eq. (2) gives

p(r, 1) = p(r, 0)xexp[—mw(r)], (©)

where p(r,0) is the initial density of donor excited
molecules. However, as the polymer is polydis-
perse and several conformation chains with
different end-to-end distances exist in solution,
Eq. (3) should be averaged. Considering a mono-
disperse polymer with N statistical segments and
end-to-end distance distribution function, gy(r),
the averaged excited donor density, for p(r,0) =
1.0, is

p(1) = 4n / rgy(r)e ™" dr. 4)
0

The conformation of a polymer in solution varies
with temperature. At the 60 temperature the
attraction and repulsion between polymer seg-
ments cancel out, the second virial coefficient
vanishes and the behavior of the polymer becomes
ideal. The solvent at this temperature is named a 0
solvent for the polymer, and the end-to-end
distance distribution function is given by [5,15]

gn(r) = Arexp(—Bir?) )
with

3 2 3
= () momy “
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In a good solvent the chain is expanded due to the
dominance of the polymer segment-segment re-
pulsion (exclude volume effects), being the chain
conformation described by a self-avoiding walk
(SAW) in a lattice. The distribution function is no
more Gaussian, being then

gn(r) = A’ Sexp(—Bor’?) (M
with

Ay = 0.289058/(R3,)™;

By = 122271 /(RN (8)

where(R%,gis the average square end-to-end dis-
tance ((Ry) = N/I* for a pseudo-ideal chain and
(R%) = N®3P for a SAW chain), lis the statistical
segment length (Kuhn length).

Fig. 1 shows the distribution function, gy(r)

versus the reduced distance x = r/,/(R3/) for both

a pseudo-ideal (Eq.(5)) and a SAW chain
(Eq. (7)). These distribution functions reproduce

their accuracy is in general sufficient to describe the
conformations of real polymer chains [15].

Inserting Eq. (5) into Eq. (4) and using the new
variable of integration y =3r?/(R% ), we obtain
for the pseudo-ideal chain

2 [ 27T
() = —— —y—=2)d 9
pid(?) 7'51/2/0 y eXp< y 8y3> y )
with
RS ¢t
T = 203;. (10)
(R¥)

Eq. (9) depends on a single parameter, 7. The
integral was evaluated by the method of steepest
descendent [5] and the asymptote for long times,
(t/T>>1), obtained as

pia(t— c0)oc T 4exp(—23/4T1/4), (11)

Taking into account this asymptotic form and the
decay limits of Eq. (9) for initial and long times,
the interpolation equation

S . . . - 1/4 _05/4l/4
well (within 2%) the computer-simulation data and pia() = (1 + 6T M)exp(=2>"T""7) (12)
T T T
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Fig. 1. Plot of the end-to-end separation distribution functions for an ideal (——) and a SAW (...... ) polymer chains versus x =

[\ (R%).
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was used in a linear least-squares fit to the
numerical values to calculate the best value of b.
The best value of » was 2.45. Therefore, an
approximate decay law that replaces Eq. (9) is

pia(t) = (1 + 2457 *yexp(=23/4T1/4). (13)

This equation describes well the decay for all times
with a precision better than 1%.

For a chain with excluded volume interactions
(SAW chain),

(1= L
PSAWR) = T 14/45)
dy,

© 14 (TN T
></O y14 45exp[ y <F(59/45) y12/5
(14)

where y = B»r*/2. Working similarly as for the case
of the Gaussian chain, the interpolation formula
psaw(?) = (1 + 1757733 exp(—2.112275/17)

(15)
was obtained. Egs. (13) and (15), after being

multiplied by exp(—?/7), can be used to fit the
experimental decays. These analytical expressions

have great advantages over the integral Egs. (9)
and (14), because the calculation of the integral is
avoided in each step of the fitting procedure to the
experimental decays. In the past both numerical
integration [6] and its asymptotic forms for long
times (z/t>>1) [5] were used. By fitting the
experimental donor decays, it is possible to recover
(R3,) and predict the quality of the solvent to the
polymer. However, the solution of this problem is
not trivial, because the shape of the decay
predicted by Egs. (13) and (15) is identical (see
Fig. 2). A better discrimination procedure can be
envisaged if polymer chains of several molecular
weights are studied. In this case the power law

dependence of /(R )with the degree of polymer-
ization gives a different exponents for 0 solvents

(0.5) and good solvents (0.6).

2.2. Donor-to-donor transfer

We will consider now the case of a chain both
ends labeled with the same flurophore. The decay
of the donor is described by the following

1.0 F N 1 ! I

p(T)

0.0 " ! " 1

Fig. 2. Fluorescence donor decay, p(7) for pseudo-ideal (——) and a SAW (...... ) polymer chains versus 7' = <R3/<Ri,>3) t/7, from

Egs. (9) and (14), respectively.
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equations:

d

g 210, 0 = —wlpi (1) = pa(r, D)), (16a)
d

g, 20 = wlpi(r, ) = pa(r, . (16b)

The solution to these equations, assuming that the
donor 1 is excited at time zero, p(r,0) = 1.0, is
pi(r, 1) = 5+ Lexp[—20w(r)]. (17)
The ensemble-average probability that an origin-
ally excited molecule is still excited at time ¢, G°(¢),
is obtained by averaging Eq. (17) with the dis-
tribution function gy(r). G*(¢) contains contribu-
tions from the original excited molecules and from
re-excitations after one or more transfer events.
Proceeding in a similar way as before, the
interpolation formulas for the pseudo-ideal chain
(precision >1%)

Gii(D) = L+ 1(1 +245TMexp(—2°4 Ty (18)

273

and for the SAW chain (precision >3%)
Giaw(®) =1+ 1(1 + 1.757]%)

x exp(—2.112277"7) (19)
were obtained, with

2RS

Ty =27 =201 (20)

(R})"T

The anisotropy of fluorescence r(f) and G°(¢) are
related by
r(t) = roG*(1), (21
where ry is the anisotropy at the initial time
[4,11,16]. Fig.3 compares the values of G°(¢)
calculated by Egs. (18) and (19). As expected
G°(t)—1/2 at long times, because each chain
contains exactly two donors and the excitation
has equal probability of being in each one at
infinity time, since no intrinsic deactivation pro-
cesses were considered.

1.0 |-

G(T)

AAN
LAY

2\
A}

0.0 I 1 n 1

Fig. 3. Ensemble average probability G*(7T), that an originally excited chromophore remains excited at time ¢, versus 7 =

(R8/<R%,>3) t/z, for a pseudo-ideal ideal (——) and a SAW (

) polymer chain, calculated from Egs. (18) and (19), respectively.



274 E.N. Bodunov et al. | Journal of Luminescence 96 (2002) 269-278

2.3. Inhomogeneous broadening

In recent years special attention has been paid to
polymer containing donor and acceptor chromo-
phores with inhomogeneous spectral broadening
[2]. In these polymers the fluorescence decays, at a
given temperature, are influenced by both the
excitation wavelength and pulse spectral width. In
the case of inhomogeneous spectral broadening,
the donor decay curve (under non-selective excita-
tion), can be written as

P = [ op(ENAE [ gn(E ey
X / drdngy(r)e " E-ED, (22)

where w(E| — E;, r) is the rate of energy transfer
from a donor to an acceptor having transition
energies E| and Ej, and gp(E)) and g (E») are the
normalized distributions of donor and acceptor
chromophores over transition energies. For sim-
plicity, we will consider Gaussian distributions
with equal widths, ¢, and maximums located at the
transition energies Ep and Ea,

1 _ 2
e
ga(E) = \/;—MCXP [— (EAzng)] (23b)

and that the homogeneous spectra of emission of
donors and absorption of acceptors have also a
Gaussian shape of width, §/,/2. The rate of energy
transfer by dipole—dipole mechanism (being pro-
portional to the overlap integral of the spectra [3])
can be written as

6
W(E1 _ E2, I‘) — l{w} (24)
T r
with
_ 2
R(E| — Ey) = R§exp [— (Els%z)
Ep — Ex\°
=) | (25)

where Ry is the Forster radius of energy transfer
from a donor to an acceptor having transition
energies E; = Ex and E; = Ep.

The third integral in Eq. (22) was calculated as
in Section 2.1. Using this result and substituting
Eq. (24) into Eq. (22), we obtain

Pn(0) = / oo (E) dE,

x / ga(E>) dEo[1 + 2.45TV4(E| — E»)]

xexp[-2"* T 4(E, — Ey)] (26)
with
(ARSI
T(RY)
(E1 — E)* Ep — Ea\’
Xexp | — s + < 5 ) . 27)

Fig. 4 shows the results of the numerically
integration of Eq.(26) for Ep = Eax. It can be
seen that the increase of inhomogeneous broad-
ening (the ratio ¢/J) slows down the emission
decay, because the broadening decreases the rate
of energy transfer for all donor—acceptor pairs (see
Egs. (24) and (25)).

The donor decays were also calculated for
Ep — Ex =20 and the results are plotted in
Fig. 5. In this case the decay is faster at the
beginning but at long times become slower,
because the rate of energy transfer increases for
donor—acceptor pairs with £; — E, <Ep — Ea and
decreases for pairs with E; — Ey > Ep — Ex(see
Eqgs. (24) and (25)). In any case, the influence of
inhomogeneous broadening can be observed only
for ¢/6 > 0.2.

3. Polymer dynamics
The donor decay can be written as [17-21]

paic(t) = 4n / rrgn(r, t)dr, (28)
0

where the end-to-end distribution function for
excited pairs, gy(r,?), is a function of time. For
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Fig. 4. Donor decay curve, p(T)for a pseudo-ideal polymer chain considering the inhomogeneous spectra broadening, calculated from
Eq. (26). The maximum of the fluorescence spectrum of the donor and the maximum of absorption spectra of the acceptor are at the
same transition energy (Ep = Ea). The curves are labeled with the ratios between the inhomogeneous (¢) and homogeneous (J) widths

of spectral broadening.

1.0 -

pinh(T)

0.2 |

0.0

Fig. 5. Donor decay curve, p(T), for a pseudo-ideal polymer chain considering the inhomogeneous spectra broadening, calculated
from Eq. (26). The maximum of the fluorescence spectrum of the donor (Ep) and the maximum of absorption spectra of the acceptor
(En) are at different transition energies (Ep = Ea + 20). The curves are labeled with the ratios between the inhomogeneous (¢) and

homogeneous () widths of spectral broadening.

0.5
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t =0, gy(r,t = 0) = gy(r). For longer times, this is
no longer the case, owing to two different factors:
(i) preferential depletion of the pairs at short
distances, owing to faster transfer; (ii) chain
motion, owing to diffusion, counteracting deple-
tion by energy transfer. This second factor is of
course the more important the longer the lifetime
of the donor, and the more fluid the solvent. When
diffusion is fast enough to compensate for deple-
tion by energy transfer, gy (r, 1) ~ gy (r) for all times
and the decay becomes single exponential (fast
diffusion limit). When the diffusion is negligible,
the results of Section 2.1 are retrieved. We will deal
here with the situation intermediate between the
two extreme cases mentioned.

The most appropriate chain model is the bead-
spring model of Rouse [22] and Zimm [23]. The
polymer chain is modeled as a system of n beads
and n—1 entropic harmonic springs, being the
mass concentrated in the beads that move in
solution with friction coefficient, ¢&. The Zimm
model considers the hydrodynamic interactions,
resulting from the coupling, mediated by the
solvent, between the flow fields in different beads,
which were disregarded in the primitive Rouse
model. Both models predict a spectrum of relaxa-
tion times characteristic of large scale as well as
short scale diffusive motions. In our case only the
large scale diffusive motions are relevant, which
simplify the problem. In this case the very simple
harmonic spring model (two beads connected by a
spring) can be used to describe the dynamics.
When the distance between chromophores at-
tached at the polymer chain ends change by small
steps compared to Ry, the distribution function,
gn(r, 1) obeys the diffusion equation [17,18],

d 10 ,0
el —D—— 2
ath(r’t) r2arr6rgN(r![)

10/, ov
+Dr26r(’ gN(”Z)ar)
—w(r)gy(r, 1), (29)

where D is the diffusion coefficient of the chain,
and

V(r)y= U@ /kT = —In gy(r). (30)

U(r) is a pseudo-potential of interaction between
the beads, k is the Boltzmann constant and 7 the
absolute temperature.

To obtain the time evolution of the distribution
function the diffusion equation must be solved
with appropriate boundary and initial conditions

0 0
EQN(I, )+ a V(r)l,—,= 0, (31a)

gn(r,0) = gy (), (31b)

where r( is the distance of closest approach.

The first two terms on the right-hand side of
Eq. (29) describe the change of the distribution
function gy(r,?) due to Brownian motion in the
spherical potential U(r), while the third one takes
into account the decrease of the number of
conformations due to the energy transfer events.
The reflecting boundary condition ensures that the
chromophores at both chain ends cannot ap-
proach closer than the distance ry.

Eq. (29) was solved numerically for a short
polymer chains (N between 4 and 22) and chain
end-to-end distribution function for both SAW
chains [17,20,21] and pseudo-ideal polymer chains
[18,19].

Introducing the dimensionless variables:

X = <R2 >, (32a)
N
Dr(Ry)*
0

and the new function, f(x, T)
gn(x, T) = f(x, T)gn(x). (32¢)

Eq. (29) can be rewritten as

G o 0 (2 N 1]
a*Tf(X,T)—Dr@f+Draf <x_6x)_x6]((33)

with the initial and boundary conditions

f(x,0)=1, (34a)

O e Dl = 0. (34b)
0x
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The normalized potential, V(x) obey the equation
oV
e
as expected since the chain harmonic spring model
was used. The donor decay curve is given by

par(t) = /0 " 2, g () dx. (36)

3x (35)

Fig. 6 shows the donor decay from Eq. (36) after
performing the numerical integration of Eq. (33)

with xo = ro/1/(R%/) = 0.01 and boundary condi-

tions given by Eq. (34a) and (34b). The results
show that diffusion becomes important for values
of the reduced diffusion coefficient, D, =
De(R3)* /RS> 1075,

For sufficiently long times the decay is
exponential

To obtain analytical results from this equation the
distribution function gy(r), was approached by a

rectangular function with width equal to |/(R%)

and ro<y/(R3 ). For an ideal polymer chain (see
Eq. (5)), we obtain

- 1 RS
kit == —35— (39)

T (R
while for a SAW polymer chain (see Eq. (6)),

BV i (40)
it = (3+5/18)/2 3-5/18"
T(RY) "o /

The differences between ki, and K5}V are very

small, owing to the small differences on the
distribution function, gy(r), for 6 and good
solvents.

pair(1) = exp(—kair?) (37)
with a rate constant given by (rapid diffusion limit) 4. Conclusions
o 6
kair = l4n / <&> gy ()t dr. (38) The energy transfer between chromophores
T o r attached to the ends of an isolated polymer chain
10°F T T T ' ' E
10" E
-
= - ]
e " 5x10™
10? 3 E
-3
104 - 1 1 2 1 10 3
1 2 3

T

Fig. 6. Fluorescence donor decay curves, pqir(?), calculated from Eq. (36), for a pseudo-ideal polymer chain, considering the variation
of end-to-end separation distance during the energy transfer time. The curves are labeled with the reduced diffusion coefficient,

D, = D<(R%)’ /RS,
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was studied. Chains labeled at both ends with
different or identical fluorophores were consid-
ered. Interpolated analytical expressions were
derived for the fluorescence decay curves taking
into account the distribution of end-to-end separa-
tions in both 0 and good solvents for the polymer.
The donor decay curves for chains with dissimilar
chromophores were compared with the exact
solution obtained by numerical integration. The
derived expressions depend on a single parameter,
T, and reproduce the decay for all times with a
precision better than 1% for pseudo-ideal chains
and 3% for chains in good solvents.

The inhomogeneous broadening of chromo-
phore spectra influences the decay curves for
widths of inhomogeneous broadening, ¢ > 0.20,
where ¢ is the width of homogeneous broadening.

The effect of chain dynamics was described by a
diffusion equation considering the chain harmonic
spring model. Chain dynamics are important for
values of the reduced diffusion coefficient, D, =
De(R3)?/R§=1075, which implies donor fluoro-
phores with long lifetimes, polymer chains with
large diffusion coefficients and end-to-end separa-
tions, and fluorophores with small Forster energy
transfer radius.
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