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Resonance Energy Transfer in Polymer Nanodomains
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The properties of nanostructured polymer materials are often determined by their interfacial domains, which
are typically 1-10 nm thick. This range matches the length scale of Förster resonance energy transfer (FRET).
While the use of FRET in polymers has been pioneered by Morawetz in the 1980s, only recently the technique
was extended to obtain quantitative detailed information on nanostructured materials. This review describes
a new tool that can be used to analyze FRET in nanostructures and characterize their morphology and
component distribution. We describe the application of this tool to a few examples of polymer systems
containing nanodomains and heterogeneous distributions of the components, from block copolymer films and
micelles to polymer nanoparticles.

Introduction

Nanosized structural elements appear in many polymeric
materials, either as a result of their processing (e.g., in polymer
blends and particle dispersions) or by design (as in films and
micelles obtained by self-assembling of block copolymers). The
properties, reliability, and function of composite polymer
materials are often dominated by the nanodomains formed at
the interfaces between their constituents, which are more
susceptible to deformation, fracture, and chemical degradation
than the bulk material. Domains with dimensions of a few
nanometers can be generated during the synthesis, self-as-
sembling, or melt processing of polymer materials because most
polymers do not mix due to the unfavorable balance between
the enthalpy and the entropy of mixing. If the materials are
quenched to a temperature below the glass transition temper-
atures of the polymers, nonequilibrium but kinetically stable
morphologies develop before the system is able to reach
complete phase separation. 1

The morphological characterization of nanoscale structures
is a very active area. Although various microscopy techniques
can provide impressive visualization of surface nanodomains,
in the majority of cases, this has only resulted in geometric
information about the structures. For a more complete charac-
terization of nanodomains, one would like to gain information
not only about its size and shape but also on the distribution
profile of the various components across the system. If sufficient
phase contrast can be established, X-ray and neutron scattering
provide two of the most powerful techniques for determining
distribution profiles (with resolutions in the Å and nm length-
scales respectively). These techniques are sensitive to the
sharpness of the interface between components with different
contrast factors, but rely in the analysis of deviations from
Porod-Law scattering in a region where the scattering intensity
is usually very weak. Neutron reflectivity is more rigorous, but

limited to systems of lamellar geometry because it analyses the
specular reflection between two thin films. Both the reflectivity
and the scattering techniques require appropriate corrections of
artifacts in the data, such as the waviness at the interface which
increases its apparent diffuseness. Additionally, neutron tech-
niques usually involve the synthesis of sample with extensively
deuterated areas.

An alternate approach to study nanodomains in polymer
systems is resonance energy transfer. Resonance energy transfer
as described by Förster2,3 was first used to characterize polymer
systems, and notably polymer interfaces, by Morawetz.4 A major
advance in the understanding of Förster resonance energy
transfer (FRET) in systems with restricted domains was due to
Baumann and Fayer5 and Klafter, Blumen, and collaborators,6,7

who developed the formalisms to analyze the donor fluorescence
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decay functions in situations where all donor are positioned in
equivalent locations and the acceptors are homogeneously
distributed in the confined domains. More recently, the theory
of FRET has been extended to the case where donors and
acceptor occupy nonequivalent positions in restricted domains
of planar,8,9 spherical,10–12 or cylindrical13 symmetry, allowing
the experimental determination of their concentration profiles
in complex nanostructured materials.

In FRET measurements the polymers are labeled with a small
amount (typically less than 1 mol %) of a fluorescent energy
donor dye (D) and an acceptor dye (A). Upon exciting D with
visible or UV radiation, electronic energy can be transferred to
a nearby A by a resonance dipole-dipole coupling mechanism.
The efficiency of FRET depends on the inverse six power of
the distance between D and A in a lengthscale of a few
nanometers. This lengthscale matches the size of nanodomains
in polymer systems and is small enough to avoid the interference
by capillary waves at the interface. In a typical experiment, one
mixes two polymer components, one labeled with an energy
donor and the other with an acceptor. Phase separation or self-
assembling leads to localization of the dyes, either in different
domains or at the interface, depending on the sample and the
sites chosen for labeling. If separation of D and A labeled
domains occurs, a decrease in the quantum efficiency of energy
transfer is observed. On the other hand, if both dyes are
segregated and colocalized at an interfacial region, one observes
an increase in the quantum efficiency of energy transfer. Since
the dye distribution mimics the distribution of the polymer
components, these experiments can provide detailed information
on the distribution of the labeled polymer components and the
morphology of the nanostructure.

The widespread application of FRET to biological systems
(proteins, membranes, DNA, etc.) is based in similar experi-
mental strategies, but poses different problems. Although in the
application of FRET in polymer systems one has to worry about
the distribution of an ensemble of dyes (often in restricted
domains) with donors and acceptors at different distances, in
most biological applications of FRET, it is more usual to have
isolated donor-acceptor pairs and assume that the dyes are at
fixed distances. In many cases, the models used to analyze FRET
in the later systems can be derived from the models that consider
nonhomogeneous dye distributions.

Many polymer materials present nanodomains at the interface
between different components, from films and micelles obtained
by block copolymer self-assembling to polymer blends and
polymer nanoparticle dispersions. Here, we will focus on the
application of FRET to characterize the distribution of the
different components in nanodomains present in copolymer
structures and at the surface of polymer nanoparticles.

In block copolymers, different polymers are attached at a
common junction, so that the degree of phase separation is
limited by the covalent bond between the blocks. For this reason,
block copolymers self-assemble to form equilibrium structures
that depend on the balance between the unfavorable energy of
mixing and the entropy penalty for localization of the block
junctions. The periodic uniformly sized and shaped nanostruc-
tures formed in films of block copolymers over macroscopic
distances have been used as a template to create patterns for
the preparation of functional nanostructures and nanodevices,14

such as photonic materials, fuel cells, batteries, optoelectronic
devices, bioactive surfaces for diagnostic chips, and implant
surfaces to control cell adhesion. Block copolymers are also a
promising platform for the direct fabrication of three-dimen-
sional structures for high-density information storage media and
sub-22 nm lithography.15 When assembled into micelles, block
copolymers can be used as surface modification agents, nan-
oreactors, small-molecule delivery vehicles, in lithography, to
create nanoparticle arrays, etc.

The process of block copolymer self-assembling into phase
separated nanostructures is primarily determined by the overall
degree of polymerization N, the magnitude of the Flory-Huggins
interaction parameter � of the polymers, and the volume
fractions of the blocks.16 Above �N ≈ 10, block copolymers
form self-assembled nanostructures, with interfacial domains
between the blocks that are usually a few nanometers thick.
Periodic lamellar structures are formed for blocks of ap-
proximately the same length, with hexagonal cylindrical and
body centered cubic spherical morphologies appearing for
increasingly asymmetric blocks. More complex bicontinuous
morphologies are formed for boundary compositions between
lamellar and cylindrical structures.17,18 Block copolymers also
self-assemble in solvents selective for one of the blocks to form
micelles with a core of insoluble block surrounded by a corona
of solvent-swollen soluble block, in a wide range of morphol-
ogies.19 In this case, the thickness of the interfacial domains
between blocks also depends on the solvent.20 The swelling of
the (soluble) corona polymer by the solvent leads to the decrease
of the core-corona interface thickness because the (insoluble)
core segments try to avoid contact with the solvent.21

Nanodomains also play an important role in polymer nano-
particles. Many polymers of industrial importance are prepared
as water dispersions of spherical particles with diameters of ca.
100 nm to a few microns. These particles are used in a variety
of applications, from paints and inks to high impact resistant
polymers and specialty coatings, supports for biomolecules,
vectors for drug delivery, bioseparation, etc.22 Since the large
surface area of polymer nanoparticles play a central role in most
of their applications, it is important to know the morphology
of the polymer-water interfacial domains. These are usually a
few nanometers thick, depending on the surface charge density
resulting from the synthetic procedure used to prepare the
particles, the ionic strength of the aqueous medium and the
characteristics of the polymer segments at the interface.23

In the following sections, we will describe the FRET models
necessary to determine the distribution of donor and acceptor
dyes in systems with restricted dimensions, and we give
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examples of their application to characterize the component
distribution and the morphology of nanodomains in block
copolymer structures and polymer nanoparticles.

Resonance Energy Transfer in Nanodomains

Sixty years ago, Förster showed that the rate of resonance
energy transfer from an electronically excited donor (D*) to an
acceptor (A) separated by a distance r is given by2,3

w(r)) 1
τD

(R0/r)6 (1)

where τD is the donor lifetime in the absence of acceptors and
R0 is the critical Förster radius (the distance for which energy
transfer equals the natural deactivation of D/). The value of R0

sets the lengthscale of FRET for a given pair of dyes and depend
on their spectroscopic properties

R0
6 )

9000(ln10)κ2�f

128π5NAn4 ∫0

∞
FD(λ)εA(λ)λ4 dλ (2)

In eq 2, the integral accounts for the spectral overlap of the
normalized donor fluorescence spectrum FD(λ), with the absorp-
tion spectrum of the acceptor εA(λ) (M-1cm-1). The Förster
radius also depends on the donor fluorescence quantum yield
φf in the absence of acceptor, the refractive index n of the
medium in the wavelength range of spectral overlap, and the
orientation factor κ2, which depends on the angle between the
transition dipole moments of the D and A molecules θDA, and
the angles θD and θA between each of these dipoles and the
vector connecting their centers

κ
2 ) (cos θDA - 3 cosθD cos θA)2 (3)

For a single D-A pair, the value of κ2 is in the range of 0 to
4 but for an ensemble of D-A pairs, κ2 is usually preaveraged
over the distribution of all orientations to give 〈κ2〉 ) 2/3 if the
molecules undergo rotational motion faster than the fluorescence
lifetime, and 〈κ2〉 ) 0.476 if the dipoles are randomly oriented
and do not rotate on the time scale of fluorescence.24,25 When
none of these limits apply, it is more difficult to obtain
information on the donor-acceptor separation distance.26 If the
rotation dynamics of the dyes is of the order of the time scale
for energy transfer, information on the separation distances can
be obtained from time-resolved depolarization measurements.27,28

On the other hand, if the dyes are immobile and have
nonisothropic orientations, as for example in the case of donor
and acceptor dyes in DNA stands, it is possible to measure the
variation of the orientation parameter with the relative position
of the dyes.29 However, in most situations the dyes are not
strictly immobile during the time-scale of FRET, and their
rotational mobility is usually sufficient to allow the use of 〈κ2〉
) 2/3 within an error of less than ca. 10%.30 This is specially
the case when the analysis of time-resolved depolarization of
the dyes yields mobilities corresponding to a wobbling move-
ment in a cone with internal angle above 30°.31

Resonance energy transfer does not depend on the properties
of the donor-acceptor pair alone, but also on the geometry and
dynamics of the system, which affect the distance between donor
and acceptor. Many systems of interest have a distribution of
D-A distances, either arising from the confinement of the dyes
in a restricted space, and/or from heterogeneous distributions
of D and A in the structure. In order to use FRET to characterize
nanodomains in polymer systems, the experimental data should
be analyzed taking into account both the restricted dimensions
of the domains and the distribution of the different components.

Here, “restricted dimensions” refer to a space or domain
confining the dyes in which at least one dimension is on the
order of the lengthscale of FRET (i.e., a few nanometers).

In systems characterized by a distribution of D-A distances,
the donor fluorescence decay corresponds to a distribution of
decay times associated with the transfer between pairs at
different distances, because of the r - 6 dependence of the rate
of resonance energy transfer. While for isolated excited donors
surrounded by acceptors at a constant distance r the survival
probability is still exponential (but faster than for the un-
quenched donor), for a homogeneous distribution of D and A
in an infinite media the donor decay function is a stretched
exponential, because the donors are surrounded by acceptors at
different distances32

ID(t)) exp(- t
τD

) exp[-P( t
τD

)�] (4)

Here, d ) 6� is the dimensionality of the media (which is
equal to the Hausdorff dimension if the dyes are embedded in
a fractal lattice) and P is related to the local number of acceptors
c∆ in a ∆-dimensional sphere of radius R0 (Γ is the Gamma
function)

P) c∆(3κ
2

2 )�

Γ(1- �) (5)

El-Sayed and co-workers21 were the first to report the utility
of eq 4 as a phenomenological expression to analyze FRET in
systems of restricted geometry. In this case, an apparent
fractional dimension is sometimes obtained due to edge effects
of the confining space. Although the application of eq 4 to
systems of restricted geometry is strictly empirical, the apparent
dimension parameter can give some information on the nature
of the domains where D and A are distributed. 33

Effect of Restricted Geometry: Donors in Equivalent
Locations. The first attempt to rigorously describe resonance
energy transfer in a system of restricted geometry was done by
Fayer and co-workers for D-D homotransfer (energy migra-
tion),34 and by Klafter, Blumen, and co-workers for FRET35

ID(t)) exp(- t
τD

)φ(t) (6)

φ(t)) exp(-p∫V
{1- exp[-w(r)t]}F(r) dV) (7)

where � (t) is the donor survival probability with respect to
FRET, V is the volume of the restricted space where the donors
and acceptors are distributed, w(r) is the rate of energy transfer
defined in eq 1, F(r) is the probability distribution of finding an
acceptor at a distance r from the donor, and p is the probability
of occupation by the acceptors, which measures the acceptor
concentration. This expression was integrated for a number of
simple structures,8,9 but since eqs 6 and 7 can only be used for
systems in which all the donors occupy equivalent positions,
they have limited applicability in real nanostructured systems.

More recently, new tools were developed to obtain the
survival probabilities whenever D and A concentration profiles
follow an element of planar,10–12 spherical,13 or cylindrical8

symmetry. This theoretical methodology overcame the restriction
of equivalent donor positions, and so opened the doors for
handling more complex nanostructures.

Arbitrary Distributions of Donor and Acceptor Dyes. In
order to calculate the donor fluorescence survival probability
in systems with arbitrary distribution functions of D and A dyes,
it is necessary to account for the difference in the distribution
of A surrounding D dyes in different locations. This required
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the development of new analysis tools, known as distribution
models for energy transfer.

Energy transfer models that take into account the distribution
of D and A in restricted geometry were first derived for systems
with planar concentration gradients arising from D and A labeled
polymer chains diffusing across an interface,9 and then used to
describe simple planar systems with restricted dimensions and
homogeneous distributions of D and A.10 An equivalent model
for spherical-symmetric systems was also developed and used
to analyze experimental results of diffusion in films obtained
from polymer colloids,12 and to model FRET in simple spherical
systems of restricted geometry11 and in block copolymer films.13

A model for cylindrical geometry was only developed later, due
to its higher mathematical complexity.10

The basis of the models that describe FRET is the survival
probability of a donor at a position rD in the presence of an
acceptor at position ri

f(t, rD,ri)) exp[-tω(|ri - rD|)] (8)

If we consider that donors and acceptors occupy discrete sites
in a restricted space and assume that the acceptors act
independently, the donor survival probability � is given by the
product of eq 8 weighted by the distribution function, g(ri, j),
of the number of acceptors j, in each site ri

φ(t, rD)) ∏
ri*rD

{∑
j

g(ri, j)[f(t, rD,ri)]
j} (9)

If the probability of having one acceptor at ri is small, the
probability that j acceptors exist at the site ri is given by a
Poisson distribution with mean equal to the number of acceptors
nA(ri)

g(ri,j)) exp[-nA(ri)]
nA

j (ri)

j!
(10)

and, considering that the donor is inside a continuous restricted
space of volume V, the donor decay probability rearranges to

φ(t, rD)) exp(-∫V
CA(rA){1- exp[-tω(|rA - rD|)]} drA)

(11)

The integral in eq 11 is performed over the volume elements
drA containing acceptors with number density CA(rA). The
function � (t,rD) measures the probability that an excited donor,
located at rD “survives” for a time t before losing its excitation
by energy transfer. Donors located at different positions are
surrounded by different acceptor distributions and so the donor
decay has to be averaged over all the donors in the system

ID(t)) exp{-t/τD}∫V
CD(rD) φ(t, rD) drD (12)

where CD(rD) is the concentration profile of D.
The last two equations describe the donor decay probability

when FRET occurs between donors and acceptors distributed
in a confined space. The geometric restrictions are introduced
by the volume V, and the heterogeneity of D and A distributions
by position-dependent donor and acceptor concentration profiles.
This general formalism can be simplified when the donor and
acceptor distributions have spherical, planar or cylindrical
symmetry.

Spherical Symmetry. We now consider the particular case
of spherical symmetric distribution functions of donor and
acceptor dyes. In this case, the survival probability of a donor
located at rD (eq 11) can be integrated in spherical coordinates36

φ(t, rD)) exp(-∫-π

π ∫0

π ∫Re

∞
CA(rA){1- exp[-

ω(r)t]}r2 sin � dr d� dθ) (13)

where Re is the donor-acceptor encounter distance (their
minimum approach distance), usually taken to be the sum of
the donor and acceptor van der Waals radii.10 The acceptor radial
position rA is given by the sum of the vectors defining the donor
position rD and the D-A distance r

rA ) |rD + r|) √r2 + rD
2 + 2rrD sin � cos θ (14)

The integration of eq 13 can be simplified by noticing that
the acceptor concentration profile CA(rA) is symmetric relative
to the origin, while the rate of energy transfer ω(r), which
depends on the D-A distance, is symmetric relative to the donor
position. 12 The product CA(rA){1 - exp[-ω(r) t]} is therefore
invariant in the volume element defined by the interception of
one spherical shell centered at the origin with radius rA and
width drA, and another centered in the donor position rD with
radius r and width dr (Figure 1). This defines a volume element
dν that resembles a concave ring

dV) 2π
rrA

rD
dr drA (15)

The integral is calculated over all rings, from rD - r to rD +
r, for each D-A separation r to give the average concentration
of acceptors over each ring. Finally, integration over all D-A
distances yields

Figure 1. The interception of the donor-centered energy transfer rate
function w(r) (top, slice with constant donor-acceptor distance shown
in red) with a spherical acceptor concentration profile (top, slice with
constant acceptor concentration shown in green) originates a ring shaped
volume element where the two functions are constant (shown middle
left) with a cross section as represented bellow, and volume given by
eq 15.
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φ(t, rD)) exp(- 2π
rD

∫Re

∞
{1- exp[-ω(r)t]}

[∫rD-r

rD+r
CA(rA)rA drA]r dr) (16)

With eqs 12 and 16, it is possible to calculate the donor
fluorescence decay curve in systems with any donor and acceptor
concentration profiles that have spherical symmetry.

These expressions can also be used to obtain the donor decay
curve for a number of simple situations in which the donors
are in nonequivalent positions,21 that could not be treated with
eq 4. A particularly simple application of the model allows the
calculation of the radius of a spherical particle containing D
and A dyes in the surface. This was used to obtain the core
radius in micelles of block copolymer labeled in the junction
between blocks.8

When the acceptors are distributed in the surface of a sphere
of radius Rs and the donors are inside (Figure 2), the donor and
acceptor density profiles are given by CD(rD) ) CDH(Rs - rD)
for 0 e rD e Rs and CA(rA) ) CA0 δ(Rs - rA), where H and δ
are the Heaviside and the delta functions and CD0 and CA0 are
the number density of donors and acceptors, respectively. In
this case, the integral in rA of eq 16 has a nonzero value only
if the peak of the delta function lies in the domain of integration.
Therefore, the conditions |rD - r| < Rs and rD + r > Rs should
be simultaneously satisfied (Rs - rD e r e Rs + rD) leading to

ID(t)) exp(-t/τD)∫o

Rs
φ(rD, t)4πrD

2 drD (17)

φ(rD, t)) exp(- 2πnARs

rD
∫Rs-rD

Rs+rD
{1- exp[-w(r)t]}r dr) (18)

Another interesting and useful case, is when both donors and
acceptors are uniformly distributed inside a sphere (Figure 2).
In this case, CD(rD) ) CD0 H(Rs - rD) with 0 e rD e Rs and
CA(rA) ) CA0 H(Rs - rA) with 0 e rA e Rs, yielding

φ(rD, t)) exp(-4πnA∫0

Rs-rD {1- exp[w(r)t]}r2 dr-

πnA

rD
∫Rs-rD

Rs+rD {1- exp[w(r)t]}[Rs
2 - (rD - r)2]r dr) (19)

Planar Symmetry. In a system with a plan of symmetry, the
donor and acceptor concentrations change only along an axis
z. The donors in each slice perpendicular to the z axis are
surrounded by different acceptor concentrations. Consequently,
the donor decay can be evaluated as a sum over all slices

ID(t)) exp(-t/τD)∫V
CD(z)φ(t, z) dz (20)

The donor survival probability for a slice positioned at z,
�(t,z), depends on the acceptor concentration around it8,9

φ(t, z)) exp(-∫0

2π ∫0

π ∫Re

∞
CA(zA){1-

exp[-ω(r)t]}r2 sin � dr d� dθ) (21)

where zA is the distance from a given acceptor to the plane at
z ) 0 perpendicular to the z axis. Again, this equation can be
simplified because the distribution function of acceptors is
uniform in any thin vertical slice of a spherical shell centered
on the donor position (Figure 3).8 The volume of the ring defined
by the intersection of the spherical shell of radius r and width
dr, with a slice of width dz perpendicular to the z axis is

dV) 2πr dr dz (22)

Following a procedure identical to that used for spherical
symmetry, one obtains37

φ(t, z)) exp(-2π∫Re

∞
{1- exp

[-ω(r)t]}[∫z-r

z+r
CA(zA)zA dzA]r dr)(23)

Equations 20 and 23 can be used to calculate the fluorescence
donor decay curve for systems with a plan of symmetry where
the donor and acceptor concentration can have any kind of
distribution profiles.8,11,38,39

Using eqs 20 and 23, it is possible to obtain the donor decay
curve for a number of simple systems of interest, not only in
polymers but also in the biological sciences. For example, most
FRET measurements in model biological membranes have been
analyzed using equations for FRET in planar systems. From
eqs 20 and 23, it is possible to obtain the expression for FRET

Figure 2. Simple cases that cannot be treated with eqs 6 and 7 because
the donors are in nonequivalent positions: donors (green) and acceptors
(red) uniformly distributed inside a sphere of radius Rs (left); and
acceptors in the surface of a sphere with donors inside (right).

Figure 3. The interception of w(r) (top, slice with constant
donor-acceptor distance shown in red) with a lamellar acceptor
concentration profile (top, vertical cut with constant acceptor concentra-
tion shown in green) originates a ring shaped volume element (shown
middle left), with a cross section as represented bellow and volume
given by eq 22.
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in systems with coplanar donors and acceptors (Figure 4
bottom), first derived by Hauser et al.,40 subsequently extended
by Wolber and Hudson,41 and presented in an approximate form
by Dewey and Hammes.42 Since donors and acceptors are
located in an infinite plan at z ) 0, the parametric integral in
eq 23 equals CA and integration in r followed by substitution
in eq 20 readily yields

ID(t)) exp[- t
τD

-πCAR0
6Γ(2

3)( t
τD

)1/3] (24)

In other systems, the donors and acceptors are located in
parallel planes separated by a distance L (Figure 4 top). In this
case, the donor survival probability curve was first derived
analytically by Fayer5 and can easily be obtained from eqs 20
and 23 in the form12

ID(t)) exp{- t
τD

-πCAR0
6Γ(2

3)( t
τD

)1/3
[1-R-(1/3)(1-

e-R)-Γ(2
3

,R)]} (25)

R) t
τD

(R0

L )6

Γ(2
3

,R))∫R

∞
x1/3ex dx

which is more adequate for fitting experimental time-resolved
fluorescence measurements than the approximation proposed by
Dewey and Hammes.43

Cylindrical Symmetry. Over the past decade there has been
an increasing interest in cylindrical structures, such as nanotubes
and nanowires, to be used as templates in connection with
nanotechnology.13 Due to its sensitivity in the nanoscale, FRET
can be advantageously used to characterize the morphology and
composition of these nanostructures. In the past, the use of FRET
in cylindrical structures has not gone beyond a qualitative
approach because of difficulties in developing a detailed model
similar to those obtained for spherical and planar symmetric
systems. In fact, the intersection of spherical shells (representing
acceptors at fixed distances from a given donor) with cylindrical
surfaces (describing regions of constant dye concentration), are
given by complex formulas involving elliptic integrals. Only
recently was a general expression for FRET in cylindrical
systems obtained,13 by considering an equation similar to eq

13 and the distance between donors located on the surface of a
cylinder of radius RD, and acceptors on a concentric cylindrical
shell, of radius RA and thickness dRA (Figure 5)

r) (RD
2 +RA

2 + zA
2 - 2RARD cos θA)1⁄2 (26)

The energy transfer probability �(t, RD) for the donor is then

�(t, RD)) 4exp(-∫0

∞
dzA∫0

∞
RACA(RA) dRA ∫0

π
{1-

exp[-w(r)t]} dθA) (27)

where the integration is carried out with the volume element
RA dRA dθ dz and CA(RA) is the acceptor number density at the
cylinder of radius RA.

The donor survival probability in a cylindrical object of total
length L is obtained by integration over all possible donor
positions

ID(t)) 2πL exp(- t
τD

)∫0

∞
RDCD(RD)φ(t, RD) dRD (28)

where CD(RD) is the donor concentration profile. Using eqs
26–28, it is possible to calculate the donor fluorescence decay
profile for virtually any distribution of D and A obeying
cylindrical symmetry.44 In systems with restricted geometry or
finite size, CA(RA) and CD(RD) have to be associated with
appropriate truncating functions that restrict the domain of
integration. The minimum D-A approach distance can be
introduced analytically or numerically, by excluding values r
< Re in the integration.

Data Analysis

In systems where the donor can only transfer to a single
acceptor at a fixed distance, as in the folding of labeled proteins
or in the detection of labeled RNA, the donor-acceptor distance
can be obtained from the quantum yield of energy transfer (ΦET).
This can be obtained from steady state measurements of the
fluorescence intensity of the donor in the presence (FD) and
absence (F0

D) of the acceptor

ΦET ) 1-
FD

FD
0

(29)

To avoid experimental problems in the determination of FD

and F0
D, such as the common distortion of the donor spectra

by inner filter effects, light scattering or residual acceptor
emission, it is more convenient to calculate ΦET from the

Figure 4. Planar systems used to model FRET in biological mem-
branes: donors (green) and acceptors (red) uniformly distributed in
parallel planes separated by a distance L (top); and coplanar donors
and acceptors (bottom).

Figure 5. Energy transfer from an excited donor at a distance RD from
the z axis of the cylindrical structure, to an acceptor at a distance RA

from z.
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fluorescence decay of the donor in the presence (ID) and absence
(I0

D) of the acceptor

ΦET ) 1-
∫t

ID(t) dt

∫t
ID
0 (t) dt

(30)

However, in systems where transfer to several acceptors at
different distances from the donors is possible, and detailed
information on the distribution of the donors and acceptors is
mandatory, it is necessary to analyze the shape of the donor
fluorescence decay curve.

Generally, it is possible to obtain the decay parameters by
fitting the donor fluorescence decay curves using a nonlinear
algorithm.45,46 However, for complex systems, notably when
donors and acceptors are heterogeneously distributed in domains
of restricted geometry, it is advisable to use a grid mapping
technique. One first simulates a series of donor fluorescence
survival probability curves, calculated using the appropriate
equation for ID(t) (according to symmetry of the system), and
a parametrized equation of the donor and acceptor concentration
profiles. Usually the orientation parameter 〈κ2〉 , the critical
Förster radius R0, and the donor intrinsic lifetime τD, can be
fixed to values obtained from independent experiments, and so
it is only necessary to change the parameters of the equations
describing the donor and acceptor distributions. The simulated
donor fluorescence survival probability curves are then convo-
luted with the experimental instrument response functions L(t)46

ID
conv(t))∫0

t
L(s)ID(t- s) ds (31)

and finally, the experimental decay profiles ID
exp(t) are fitted to

each of the simulated ID
conv(t) curves, using a linear convolution

algorithm where the only fitting parameter is the normalization
factor of the decay intensity aN

ID
exp(t)) aNID

conv(t) (32)

The quality of the fitting results is evaluated from the plot of
the reduced �2 as a function of the distribution parameters. After
identifying the minima on the plots, the weighted residuals and
the autocorrelation of residuals are compared to obtain the best
fit.46

Block Copolymer Nanostructures

In spite of the strong interest in block copolymer structures,
there are very few data on the nanodomains that constitute the
interfacial region between different blocks. Fredrickson was
probably the first to recognize the utility of FRET to study block
copolymers.47,48 In order to characterize the interface between
blocks, two identical copolymers are labeled at the block
junction, one with a fluorescent donor dye (D) and another with
an acceptor dye (A). Mixing of the two copolymers and
subsequent self-assembling leads to confinement of the dyes at
the interface (Figure 6), with an increase in FRET efficiency.

In early experiments, fluorescence decay curves obtained for
junction-labeled block copolymers have been analyzed using
eq 4, to obtain qualitative information on the interface. In order
to effectively characterize the morphology and density profile
of the interfacial domain between the blocks, it is necessary to
use a model that describes the kinetics of FRET in restricted
geometry with nonhomogeneous donor and acceptor distribu-
tions. In the case of junction labeled block copolymer films with
a periodic lamellar structure, one can use eqs 20–23, coupled
to a model that describes the shape of the D and A concentration
profiles (which in turn are related to the local morphology of

the film). The shape of the interfacial domains between blocks
is given by the junction distribution function gJ(z), which can
be calculated by the model of Helfand and Tagami for
equilibrium phase-separated block copolymers in the strong
segregation regime47,48

gJ(z)) (2 ⁄ π)
δ

sech(2z/δ) (33)

The interface thickness δ, measured along a direction z
perpendicular to the interface, can in turn be expressed in terms of
the Flory-Huggins � interaction parameter and the statistical
segment length b, averaged for the polymers of the two blocks49

δ) 2b

√6�
(34)

This method has been tested with respect to its sensitivity
toward the D/A distribution shape,25,50 the influence of the
dipole orientation factor in block copolymer films,38 and the
relation with the apparent dimension obtained with eq
4.38,39,49,51–53 Unlike neutron reflectivity, which cannot dis-
tinguish between the diffuseness and waviness of the
interface, FRET can be used to determine the interface
thickness with no capillary wave correction. FRET has been
used to determine the interface thickness in a variety of block
copolymer films.54,55 The results compare well with interface
thickness values of 5.1 and 7.7 nm obtained by neutron
reflectivity in thin films of poly(styrene-b-methyl methacry-
late)56 and poly(styrene-b-butyl methacrylate),57,58 respec-
tively, as well as with the interface thickness of 1.8 nm
obtained by SAXS for poly(isoprene-b-styrene) films.21

In block copolymer micelles, the interface geometry is further
influenced by the solvent swelling the micelle corona. In a poor
solvent for the core-block, there is no swelling of the core, and
so the solvent only influences the width of the interface. If we
consider the case of spherical micelles of junction labeled block
copolymers, the shape of the radial dye distribution (Figure 7,
top) can be described by modifying eq 33, in order to account
for the curvature of the micelle interface20,21

gJ(r)) 1
nJ cosh[2(r-Rs)/δ]

(35)

where δ is the interface width (Figure 7), Rs is the radius of the

Figure 6. Phase separated diblock copolymer originating a lamellar
morphology. The copolymer is labeled at the junction between blocks
with either a donor (O) or an acceptor (b). The polymer volume fraction
profiles originate a periodic junction distribution function ( · · · ) that
can be calculated with the Helfand-Tagami model, eq 33 (shown here
for an interface thickness δ ) H/10, with H ) hA+ hB).
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micelle core, and nJ is a normalization constant

nJ ) 4π∫0

∞ r2

cosh[2(r-Rs) ⁄ δ]
dr (36)

Experimental donor fluorescence decay curves can be analyzed
using eqs 35 and 36 to describe the shape of the junction point
distribution and eqs 12 and 16 to model the FRET kinetics in
the restricted geometry of the interface region. Simulated donor
fluorescence decay curves (Figure 7,bottom) show that when
the interface thickness increases, the donor fluorescence decay
becomes significantly slower because the dye concentration in
the interface decreases, increasing the D-A separation and thus
decreasing the overall energy transfer efficiency.

Results obtained for mixtures of phenanthrene and anthracene
labeled polyisoprene-b-poly(methyl methacrylate) (PI-PMMA)
diblock copolymers in acetonitrile (a poor solvent for PI) show
that the copolymers self-assemble into star-like micelles with a
dense core of insoluble PI blocks and a soft solvent-swollen
PMMA corona.21 The thickness of the interfacial domain
between the core and the corona was obtained by comparing
the experimental donor fluorescence decay curves with simulated
curves (using 〈κ2〉 ) 2/3 because the PI block is in the molten
state a room temperature), to yield δ ) 0.9 ( 0.1 nm (Figure
8).23,59

Polymer Nanoparticles

Although polymer nanoparticles dispersed in water are usually
seen as glassy or rubbery spheres with a sharp surface, there is
evidence of a “hairy” polymer shell at the particle/water interface
(Figure 9).32,60 Many properties of polymer nanoparticles depend
on this interfacial domain, which conditions the availability of
surface chemical groups and charges. FRET has been used to
measure this fuzzy interfacial domain by adsorbing energy donor
and acceptor dyes onto the particle surface. Analysis of the donor
fluorescence decays with eq 4 has yielded apparent fractal

dimensions around d ≈ 2, characteristic of a random distribution
of dyes on a flat surface,61 and sometimes lower (d ≈ 1.8) due
to limitations of the model.23 However, detailed information on
the characteristics of the interfacial domains can be obtained
using eqs 12 and 16 to describe the FRET kinetics and eq 35
for the shape of the polymer density profile (Figure 9).23

Analysis of the donor fluorescence decay curves of water
dispersions of polystyrene particles (PS, 100 nm diameter)
containing adsorbed rhodamine 6G (R6G) as the energy transfer
donor and malachite green (MG) as the acceptor, yielded
interface thickness values of δ ) 2.0 ( 0.1 nm and δ ) 2.9 (
0.2 nm, that correlate very well with the particle surface charge
densities of 1.7 µC m-2 and 2.3 µC m-2, respectively (Figure
10). The increase in the interface domain thickness is mainly
due to the electrostatic repulsion between the negatively charged

Figure 7. Probability gJ(r) of finding the block junction points at a
distance r from the center of the micelle (inset), for a distribution of
block junction points given by eq 35 for different interface thickness
values: 0 nm (1), 0.6 nm (2), 0.9 nm (3), 1.2 nm (4), and 2.4 nm (5).
The corresponding donor fluorescence decay functions (bottom) were
simulated using eqs 12 and 16 for micelles with core radius Rs ) 7.6
nm, 〈κ2〉 ) 2/3, R0 ) 2.3 nm, τD ) 45.5 ns, and Re ) 0.5 nm.

Figure 8. Experimental instrument response function (i) and donor
decay profile of labeled PI-PMMA block copolymer micelles in
acetonitrile (e), fitted with decay curves simulated for different interface
thickness values. The autocorrelation of the weighted residuals is only
homogeneous for δ ) 0.9 nm.

Figure 9. Cartoon of a polymer nanoparticle with a distribution of
polymer chains at the polymer-water interface. The density profile of
polymer chain ends at the interface is described by eq 35 (middle).
The thickness of the interface δ is defined from the intercepts of the
tangent line at the inflection point of the polymer density profile
(bottom).

10598 J. Phys. Chem. C, Vol. 112, No. 29, 2008 Farinha and Martinho



polymer chain ends resulting from the initiator used in the
emulsion polymerization.62–64

In another set of experiments, monodispersed poly(butyl-
methacrylate-co-butylacrylate) cross-linked core-shell nano-
particles (ca. 100 nm diameter) were functionalized with
trimethoxisilane (TMS) groups in the outer shell. The TMS
groups covalently bind the rubbery particles to a nanostructured
silica network, in the controlled sol-gel synthesis of highly
porous, hydrophobic, inorganic-organic nanostructured aero-
gels. 65 Fluorescence decay measurements performed in situ on
water dispersions of these nanoparticles containing a pair of
adsorbed cationic dyes (R6G and MG) were analyzed with a
distribution model for FRET, to obtain the distribution of the
dyesatthenanoparticle/waterinterface.62–64Thenanoparticle-water
interface thickness of the particles without TMS groups (Figure
11), δ ) (5.02 ( 0.04) nm, is higher than for the PS particles
(Figure 10) as expected from the higher glass transition
temperature of PS. For particles with a TMS-functionalized
shell, the interface is even broader as a result of the increase in
free volume caused by the bulky TMS groups: δ ) (6.2 ( 0.2)
nm and δ ) (6.52 ( 0.07) nm for particles with 13 mol % and
30 mol % of TMS in the shell, respectively (Figure 11). The
minor difference in interface breadth between particles contain-

ing different amounts of TMS is due to the increase in diameter
caused by the increase in TMS content. The increase in interface
thickness, caused by the TMS groups gives a better shell
permeability, which enhances the availability of the TMS groups
during the formation of the silica network in the sol-gel
synthesis of hybrid aerogel materials.8,9

Conclusions

Interfacial domains play an important role in different
nanostructured polymer materials, from block copolymer films
and micelles to polymer nanoparticles of different morphologies.
These domains generally have thicknesses on the order of a
few nanometers, which are difficult to characterize, but match
the typical lengthscale of Förster resonance energy transfer
(FRET). In the past, experiments with FRET in nanoheteroge-
neous polymer materials have been analyzed with empirical
models that could only recover qualitative or approximate
information. However, using more recent analysis tools which
take advantage of the very strong dependence of FRET on the
separation distance between donor and acceptor dyes, it is
possible to obtain detailed information on the morphology of
the nanodomains and the distribution of different components
in polymer nanostructured materials. These new tools, or
distribution models for FRET, take into account the distribution
of donors and acceptors in systems of restricted geometry with
planar,10–12 spherical,13 or cylindrical11,20,21,38 symmetry. They
have been successfully used in a number of polymer systems
with nanodomains and heterogeneous dye concentration profiles,
ranging from block copolymer films and micelles23,65 to polymer
nanoparticles,8,10,66,67 latex film formation,68,69 and polymer
blends.70

Although resonance energy transfer has been described by
Förster already 60 years ago, only recently have the tools been
available to fully explore the nanometer-scale distance depen-
dence of FRET and thus analyze nanostructured polymer
materials in detail. We believe these tools can give an important
contributiontotheboomingfieldsofnanoscienceandnanotechnology.
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