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ABSTRACT: We describe numerical simulations of fluorescence resonance energy transfer (FRET) in
symmetric diblock copolymer lamellae. The model systems were generated by Monte Carlo simulation at
various finite temperatures, and virtual dyes (donors (D) and acceptors (A)) were introduced at the junction
points of the block copolymer chains. We examined the effect of dye dipole orientation on energy transfer
by selectively choosing the dipole orientations. The coupling effect between dipole orientation and D-A
distance in the calculation of extent of energy transfer was found to be significant when donors and
acceptors were confined to a thin interface at a low simulation temperature. We calculated the interface
thickness of the simulated diblock copolymer lamellae based on the FRET data and the Helfand-Tagami
mean field theory of polymer interfaces. FRET operates over short distances and is insensitive to the
waviness of the interface.

Introduction

Symmetric diblock copolymers undergo microphase
separation to form a spatially periodic lamellar mor-
phology when the product of the Flory-Huggins inter-
action parameter (øFH) and the overall polymer chain
length (N) is greater than 10.4.1 Our research group has
been interested in using fluorescence resonance energy
transfer (FRET) measurements to study block copoly-
mer interfaces.2-5 These experiments involve pairs of
diblock copolymers, one of which contains a fluorescence
donor (e.g., phenanthrene (Phe)) and the other which
contains an acceptor (e.g., anthracene (An)) at the
junction of two blocks. Because the dyes are covalently
bound to the junction, they are confined to the interface
when the system is microphase separated. FRET is very
sensitive to the distribution of distances between the
donors and acceptors. By measuring the rate and extent
of energy transfer from donors to acceptors, one can
obtain information about the spatial distribution of the
attached chromophores. In the context of theories of
polymer interfaces, the width of the interface can be
retrieved. To analyze the data generated in these kinds
of experiments, our group has developed a model of
FRET kinetics based on Zumhofen-Klafter-Blumen6-8

concepts of energy transfer in restricted geometries.9 We
were able to use this approach to determine the thick-
ness of the lamellar interface for several diblock copoly-
mers, e.g., poly(isoprene-b-methyl methacrylate),10,11

poly(styrene-b-methyl methacrylate),12 and poly(styrene-
b-butyl methacrylate).13

While the FRET kinetics employed in these studies
have been thoroughly discussed in our previous re-
ports,10-12 this analysis depends on two assumptions.
The first is that the orientation factor κ2 for energy
transfer between each pair of chromophores can be

replaced with a preaveraged value 〈|κ|〉2. To analyze
experimental data for rigid films, we used the value 〈|κ|〉2

) 0.476 appropriate for randomly distributed immobile
chromophores in three dimensions. This approach as-
sumes that there is no net orientation of the dyes
attached to the junction when confined to the block
copolymer interface. It also neglects any possible cou-
pling between the donor-acceptor separation and their
dipole orientation in determining the FRET rate for
individual pairs of dyes. This type of coupling has been
found to be important for the case of an ensemble of
species consisting of a single donor and acceptor at-
tached to a common flexible molecule; here the magni-
tude of the coupling decreased with increasing donor-
acceptor separation.14

The second assumptions concerns the way the distri-
bution of dyes in the interface is treated. In our
experiments, we analyzed the distribution of rates of
FRET in terms of a one-dimensional model, the Hel-
fand-Tagami mean field theory,15 which describes the
distribution of the junctions along the z-axis, normal to
the lamellar interface. More recently, others in our
group have used a self-consistent theory16 to obtain a
more detailed description of the junction distribution
profile along the z-direction. They then used these
distributions to simulate actual experiments, in which
the variable that they optimized in comparing experi-
mental and simulated data was the width of the
interface. These one-dimensional models are very ef-
fective and yield reasonable results for determination
of the interface thickness for symmetric diblock copoly-
mer lamella, but they do not take explicit account of
FRET between donors and acceptors in the (x,y) plane
of the interface.

While these assumptions cannot be tested directly by
experiments, they can be examined numerically through
mathematical simulations. Simulations allow one to
take a broader approach to analyze the energy transfer
process. Specifically within the context of FRET experi-
ments, one can use Monte Carlo (MC) simulations to
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generate the lamellar morphology of a symmetric diblock
copolymer under a certain defined set of conditions. By
locating a virtual dye at the junction point of each
diblock copolymer chain, one can examine energy trans-
fer within the entire restricted geometry defined by the
junction distribution across the interface, not only in
the direction normal to the interface plane. One can use
these simulated structures to evaluate the contribution
of dipole orientation to FRET kinetics. One can also
generate simulated donor fluorescence decay profiles
from which one can examine the meaningfulness of the
one-dimensional model for the junction distribution
when it is applied to three-dimensional systems. These
simulations also allow us to examine the effect of dipole
orientation on energy transfer in the simulated diblock
copolymer lamella, by selectively choosing the dipole
orientations of the virtual dyes.

In a previous publication, we described MC simula-
tions of diblock copolymer lamellae17 for systems gener-
ated at simulation temperatures below the order-
disorder transition temperature. From our analysis of
the conformation and the orientation of the simulated
diblock copolymer chains, we found that the polymer
underwent microphase separation, as expected. The
overall dimensions of the diblock copolymer chains were
stretched, while the individual block chains remained
Gaussian. The polymer chains had only a moderate
tendency to orient themselves perpendicular to the
lamellar interface plane. There was no significant
correlation in the orientation of the chain backbone at
the junction between the blocks. This result indicates
that chain stretching does not have much influence on
the dipole orientation of dyes attached at the junction
of the diblock copolymer chains.

In this paper, we describe the results of numerical
experiments based on these simulated diblock copolymer

lamellae. We introduce the concept of a dye at the
junction by assuming that a virtual dye exists at the
junction point of each diblock copolymer chain. The loci
of the donor and acceptor dyes were established in this
way. As will be shown in next section, the efficiency of
energy transfer and fluorescence intensity decay can be
calculated on the basis of the loci and the dipole
orientations of these virtual dyes. We can use these
numerical experiments to test the assumptions de-
scribed above. Since these are simulated structures, we
were also able to test some strong and unrealistic
assumptions about the dye orientation to obtain a
broader understanding of the effect of dye dipole orien-
tation on energy transfer. In this way, we can start to
understand how the rate of energy transfer depends on
the coupling between the dipole orientation and the
D-A distance when donors and acceptors are confined
within the small scale restricted geometry of the lamel-
lar interface.

Construction of the Model FRET Systems. The
model systems, simulated diblock copolymer lamellae,
were generated by Monte Carlo simulation as described
ref 17. The simulations were performed on a face-
centered-cubic (fcc) lattice (coordination number z ) 12)
with bond length x2a (a is the lattice constant) in a 70
× 70 × 70 dimension simulation box. Periodic boundary
conditions were applied in all three dimensions in order
to reduce boundary effects. The symmetric diblock
copolymer chain had 70 monomeric units, and each
block had 35 units. Four systems simulated at different
simulation temperatures (T/N ) ∞, 0.4, 0.3, 0.2) will be
examined in this paper. These systems are shown in
Figure 1a. The system forms well-defined lamellar
structures when the simulation temperature is lower
than the order-disorder transition temperature. At T/N
) ∞, we obtained a homogeneous system. Only the

Figure 1. (a) Three-dimensional final morphologies for symmetric diblock copolymers (chain length ) 70) in the 70 × 70 × 70
fcc lattice box at four different temperatures as indicated in the figure. Different blocks are identified using different colors and
bonds are omitted. (b) Relationships between 〈κ2〉 (two upper figures) or 〈|κ|〉 (two lower figures) and the fraction of acceptor (fA)
at T/N ) ∞ and 0.2. The black error bars are the values for randomly choosing the coordinate directions as the dipole orientation.
The gray error bars are those for using junction vectors as the dipole orientation. The solid lines in the upper figures are the
dynamic averaged values for 〈κ2〉 ) 2/3 in the homogeneous system. The solid lines in the lower two figures are 〈|κ|〉 ) 0.690,
obtained by Baumann and Fayer25 for immobile dipoles in the three-dimensional static homogeneous state. Temperatures are
indicated in the figures. R0 was chosen as 10a, where a is the lattice constant.
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junction point, which is the midpoint of 35th and 36th
beads, is considered as the location of the virtual dye.
Thus, each polymer chain contains only one dye, and
the number of dyes (donors + acceptors) is equal to the
number of polymer chains in the lattice. The donors and
acceptors are randomly chosen among the Nk virtual
dyes in the lattice to give a predetermined fraction of
acceptors

The Numerical FRET Method. Snyder and
Freire18-22 in the early 1980s were among the first to
use Monte Carlo simulations to model FRET experi-
ments in restricted geometries. They examined lattice
models appropriate for FRET in lipid bilayer mem-
branes and membrane proteins. Other groups, notably
Blumen and Klafter23,24 as well as Baumann and
Fayer,25 developed continuous models for examining
FRET in restricted geometries. In a lattice system with
an ensemble of donors and acceptors, the ensemble-
averaged efficiency of energy transfer, ΦET, is given by
the expression18

where QDA/QD is the ensemble-averaged ratio of the
fluorescence quantum yield in the presence and the
absence of acceptors. w(rjk) is the rate of energy transfer
between the jth donor and kth acceptor separated by a
distance rjk. τD is the unquenched donor lifetime. R0 is
the Förster radius, which is determined from the D-A
spectral overlap integral along with the assumption that
〈κ2〉 ) 2/3. In this way, the magnitude of R0 is indepen-
dent of the orientation factor of individual D-A pairs.26

The orientation factor, κ2(Ω) (or |κ(Ω)|), for individual
D-A pairs can be written as

where DB and AB are the unit vectors of the dipole
orientation of donor and acceptor, respectively. rb is the
distance vector connecting the D-A pair, and |r| is the
distance between D and A. For an ensemble of D-A
pairs in the lattice, the average orientation factor can
be calculated using

where Np is the total number of D-A pairs in the lattice.

If one uses the preaveraged orientation factor, 〈κ2〉 (or
〈|κ|〉2), the relative quantum yield (eq 2) can be simplified
to

On the basis of eqs 2 or 5, one can calculate the relative
quantum efficiency of energy transfer if the relative
positions of donors and acceptors are known in the
system.

If one assumes that the concentration of excited
donors is sufficiently low, the normalized fluorescence
intensity decay can be written as

where Ψ(t) is the survival probability of an excited donor
at time t. In a lattice with one excited donor surrounded
by many acceptors, at a fixed acceptor concentration,
Ψ can be considered as an ensemble average over all
possible acceptor configurations in the lattice23

where w(rk) is the rate of energy transfer between the
donor and kth acceptor separated by a distance rk. Here
p is the probability that a site is occupied by an acceptor.
For a particular acceptor configuration

Equation 8 always gives an exact exponential decay
function. If a lattice system contains ND donors and NA
acceptors, every donor has a different configuration of
surrounding acceptors. As a consequence, the different
excited donors have different survival probabilities. One
can sum over all the probabilities and calculate the
ensemble average of the survival probability of excited
donors in the lattice27

and the fluorescence intensity decay can be written as

Equations 7 and 9 lead to the same results in the limit
of a very large number (N) of lattice sites. For moderate
N, the discrepancies will only be apparent for very long
times.23 Since our MC algorithm give the exact loci of
the donors and acceptors in the lattice, it is not neces-
sary to consider different acceptor configurations around
each excited donor. One can average the survival
probabilities for all excited donors using eq 9. Several
configurations of donors and acceptors for each donor
and acceptor concentrations will still be considered to
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calculate the standard deviation of efficiency of energy
transfer and fluorescence decay.

Results and Discussion

Orientation Factor. The preaveraged orientation
factor can be calculated by eqs 3 and 4 based on the
individual dipole orientations of the virtual dyes. We
considered two cases for the dipole orientation: In the
first case, the dipole orientation was chosen randomly
to lie along any of the 12 coordinate directions to the
closest-neighbor lattice sites. In the second case, the
dipole orientation was directed along the junction vector,
defined as a vector from the 35th bead (block A) to the
36th bead (block B) of the polymer chain. In this way
we can test whether different dipole orientations can
affect the value of the averaged orientation factor. In
the calculations, we examined every donor in the model
system and considered all of the acceptors around this
donor within a sphere whose radius was 5R0. Here the
Förster radius R0 was chosen as 10a. When the location
of the acceptor in the sphere was outside of the simula-
tion box, the periodic boundary conditions were applied.
The orientation factor was averaged by summing over
all the donors in the simulation box. Figure 1b shows
the calculated preaveraged orientation factor at two
different simulation temperatures (T/N ) ∞ and 0.2) as
a function of acceptor fraction in the system. From the
figure, one can see that although 〈κ2〉 was calculated for
immobile transition dipoles, all of the calculated values
are very close to the value (2/3) corresponding to the
dynamic average for a homogeneous system. The value
does not change even at low temperature (T/N ) 0.2),
where the interface is narrow and the junction points
are much closer to each other than at higher tempera-
tures.

Baumann and Fayer25 used a numerical method to
calculate excitation transfer in three-dimensional dis-
ordered systems. For a static three-dimensional homo-
geneous system, they found that the preaveraged ori-
entation factor 〈|κ|〉, not 〈κ2〉, can be retrieved and the
value was found to be 0.6901. The static average value
for randomly distributed dyes, 0.476, can be then
calculated by squaring 〈|κ|〉. We calculated 〈|κ|〉 on the
basis of the simulated systems as shown in the lower
two plots in Figure 1b. The values are very close to the
value calculated by Baumann and Fayer. The slight
deviation between our values and Baumann and Fayer’s
value possibly results from drawbacks of the lattice
model. It seems that the statistically averaged orienta-
tion factor, 〈|κ|〉 or 〈κ2〉, is unchanged no matter how far
the dipoles are separated in the three-dimensional
system.

Efficiency of Energy Transfer. Both eqs 2 and 5
can be used to calculate ΦET based on the loci of junction
points (dyes), depending on how one chooses the orien-
tation factor. We start with the homogeneous model
system (T/N ) ∞) to test the feasibility of the methodol-
ogy to calculate ΦET numerically. Here we chose four
different ways to consider the dipole orientation: preav-
eraged values of 〈κ2〉 ) 2/3 and 〈|κ|〉2 ) 0.476; the junction
vector as the dipole orientation and the random selec-
tion of the dipole orientation within the 12 closest
coordinate directions. In first two cases, we used the
preaveraged values and eq 5 to calculate ΦET. In the
last two cases, instead of preaveraging the orientation
factor, we calculated individual orientation factors for
each D-A pair by considering the dipole orientations

of the donor and the acceptor (eq 3) and used eq 2 to
calculate ΦET. Three different R0 values were chosen
as well. As shown in Figure 2, for each R0 and a certain
acceptor concentration, the ΦET values were calculated
by assuming 〈|κ|〉2 ) 0.476; the junction vector as the
dipole orientation and a random selection of dipole
orientation are in good agreement with each other. All
three values are smaller than the ΦET value calculated
assuming that 〈κ2〉 ) 2/3. The results provide proof that
〈|κ|〉2, rather than 〈κ2〉, is the better preaveraged value
for the orientation factor for FRET in homogeneous
three-dimensional systems.28

As a comparison, we also calculated the efficiency of
energy transfer (ΦET) in the homogeneous three-
dimensional systems using the Förster equations29

where CA is the concentration of acceptor in the system
and N0 is the Avogadro constant. We show the calcula-
tion results for different R0 values in Figure 2 by taking
two preaveraged orientation factors: 〈|κ|〉2 ) 0.476
(dotted lines) and 〈κ2〉 ) 2/3 (solid lines). For each R0,
the results calculated by both eq 5 and eq 11, employing
a preaveraged orientation factor (〈|κ|〉2 ) 0.476 or 〈κ2〉
) 2/3), are in good agreement with each other. The
largest discrepancy was found for the smallest R0 value
(R0 ) 3a). When R0 is small, on the order of few lattice
lengths, the discrete nature of the lattice model limits
the number of sites that can be included in a FRET
calculation.

We performed similar calculations for the model
system at T/N ) 0.2 and show the results in Figure 3.
The data presented refer to R0 ) 5a. We employed the
same four different cases of dipole orientation as for the

Figure 2. Efficiency of energy transfer (ΦET) calculated using
eqs 2 and 5 in homogeneous 3D systems with different R0. The
values of R0 are indicated in the figure. There are two major
parts for each R0: the upper part presents the values of ΦET
obtained by assuming 〈κ2〉 ) 2/3; the lower part consists of three
overlapped ΦET values, which were obtained by selecting the
junction vector as the orientation dipole; by randomly selecting
the dipole orientation; and by using 〈|κ|〉2 ) 0.476. The solid
and dotted lines are the theoretical curves obtained by eq 11
for 〈κ2〉 ) 2/3 and 〈|κ|〉2 ) 0.476, respectively. CA is the acceptor
concentration in the simulated system, calculated from CA )
NA/V, where V is the volume of the simulation box.

ΦET ) xπγ exp(γ2)[1 - erf(γ)]

γ ) CA
2
3

π3/2N0x3
2

〈|κ|〉2R0
3

erf(γ) ) 2
π∫0

γ
exp(-x2) dx (11)
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calculations of the homogeneous system (T/N ) ∞). As
shown in Figure 3, for each acceptor concentration, ΦET
values calculated by assuming 〈κ2〉 ) 2/3 are higher than
those obtained using the other three treatments of the
orientation factor. Unlike the case of T/N ) ∞, differ-
ences appear for the model system at T/N ) 0.2, among
these three cases of dipole orientation. For example, at
T/N ) 0.2, the preaveraged value of the orientation
factor, 〈|κ|〉2 ) 0.476, gives a slightly higher value of ΦET
than for the cases where ΦET was calculated without
preaveraging the orientation factor. For this situation,
ΦET values were essentially identical if the dipole
orientation was random or directed along the backbone
vector. At lower temperatures, the interface between
two blocks becomes sharper. Since the virtual dyes are
located at the junction of two blocks, the dyes (donors
and acceptors) move closer and are confined to a narrow
restricted geometry when the temperature decreases.

Our results show that the coupling effect between
dipole orientation and D-A distance on the extent of
energy transfer becomes more apparent when the D and
the A dyes move closer, even though the value of 〈|κ|〉2

remains unchanged. Although this effect is very small,
our results show that at the highest level of precision
one cannot simply preaverage the orientation factor
from all of the individual orientation factors for each
D-A pair in systems in which the donor-acceptor
separation is small. This is the conclusion reached by
Wu and Brand,14 who used numerical methods to
analyze FRET kinetics for molecules containing a single
donor-acceptor pair, where the objective was to deter-
mine the separation distance between the dyes (the
“spectroscopic ruler”) by a FRET experiment. In their
system, for dyes at short separations, it was not possible
to employ a preaveraged orientation parameter because
the magnitude of κ2 and distance were coupled for each
dye pair in a way that varied with dye separation
distance.

To better understand the coupling effect of dipole
orientation and D-A distance on the magnitude of ΦET,
we carried out further calculations at the simulation
temperatures of T/N ) 0.3 and 0.4. For these calcula-
tions, R0 was also fixed at 5a. For clarity here, we chose
only two dipole orientation cases in the calculation of
ΦET. As shown in Figure 4, there are two lines with
error bars for each simulation temperature: the gray
line represents the values of ΦET calculated using the
preaveraged value (〈|κ|〉2 ) 0.476), and the black line

represents the values of ΦET calculated using the junc-
tion vector as the dipole orientation to calculate the indi-
vidual orientation factor for each D-A pair. As expected,
ΦET increases with the decrease of temperature due to
the narrowing of the interface and the closer approach
of donors and acceptors. More interestingly, at a fixed
acceptor concentration, the difference in ΦET values
between those two dipole orientation cases (the two lines
at each temperature) becomes larger when the simula-
tion temperature decreases. An example of the temper-
ature dependence of this difference for CA ) 0.0024a-3

is shown in the inset of Figure 4. This result indicates
that the coupling effect of dipole orientation and D-A
distance becomes more pronounced when the donors and
acceptors are confined to a narrower interface.

In our previous report,11 we showed that FRET
experiments on real diblock copolymer lamella were not
sensitive to the position of attachment of the dyes at
the junction of diblock copolymer chains. We concluded
that a preaveraged orientation factor could be used to
analyze the data from these FRET experiments. Indeed,
it would be very difficult to analyze these data without
making assumptions involving a preaveraged orienta-
tion factor. From the results described in this paper,
we learn that if one has to use a preaveraged orientation
factor to calculate ΦET for a system in which donors and
acceptors are confined to a narrow geometry, a value of
〈|κ|〉2 somewhat smaller than 0.476 is more appropriate
to represent the orientation factor in the system. For
example, for the simulated diblock copolymer lamella
at T/N ) 0.2, with the dyes located at the interface, the
optimum preaveraged orientation factor was found to
be 〈|κ|〉2 ) 0.43 ( 0.02, which is an intermediate value
between those appropriate for 3D (〈|κ|〉2 ) 0.476) and
2D (〈|κ|2/3〉3) ) 0.405) homogeneous dipole distribu-
tions.25

Fluorescence Decays at Different Simulation
Temperatures. Fluorescence intensity decay profiles
can be calculated using eq 10 for the simulated diblock
copolymer lamellae. Unquenched donor decays are

Figure 3. Efficiency of energy transfer (ΦET) calculated using
eqs 2 and 5 for the simulated diblock copolymer lamella at
T/N ) 0.2 and R0 ) 5a. The selections of dipole orientation
(four cases) are indicated in the figure.

Figure 4. Efficiency of energy transfer (ΦET) vs acceptor
concentration at different simulation temperatures (T/N)
indicated in the figure. R0 was fixed at 5a. There are two lines
with error bars for each temperature, representing the two
cases of different selections of dipole orientation: the gray line
is for ΦET values calculated by assuming the preaveraged
orientation factor, 〈|κ|〉2 ) 0.476 (eq 5); the black line is for
ΦET values calculated considering individual orientation fac-
tors for each D-A pair by choosing the junction vectors as the
dipole orientation (eq 2). Inset: the difference in ΦET values
(∆ΦET) calculated for the two dipole orientation choices at a
fixed acceptor concentration (CA ) 0.0024a-3).
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predicted to be exponential. In the presence of acceptor,
the time-resolved fluorescence intensity of donor will
deviate from a single-exponential decay law. In this
section, we describe calculations of the donor fluores-
cence intensity decay profiles for the simulated diblock
copolymer lamellae at different temperatures and at
different fA values. In all of these calculations, R0 was
fixed at 5a, and the junction vector was chosen as the
dipole orientation.

In the Supporting Information, we present fluores-
cence intensity decays for different acceptor fractions
at T/N ) 0.3 (Figure S1). The deviation of the decay
from an exponential profile increases with the acceptor
fraction. The systems with higher acceptor fraction gave
faster decays at early times after instantaneous excita-
tion. We also present the donor fluorescence decays for
different temperatures at a fixed acceptor fraction (fA
) 0.2, Figure S2) in the Supporting Information. The
fluorescence intensity of the system at lower simulation
temperature decays faster than that of the system at
higher temperature due to the higher local concentra-
tion of donors and acceptor when the interface narrows.

To test the effect of dipole orientation on the simu-
lated fluorescence decay profiles, we chose two cases for
the orientation factor. In the first calculation, we
considered the individual orientation factors for each
D-A pair by assuming the junction vector as the dipole
orientation; in the second, we used the preaveraged
orientation factor, 〈|κ|〉2 ) 0.476. Figure 5 shows the
fluorescence decays calculated with these two dipole
orientations at two simulation temperatures (T/N ) ∞
and 0.2) at a fixed acceptor fraction (fA ) 0.2). Good
overlap for the decays calculated from the homogeneous
system (T/N ) ∞) can be clearly observed, while at the
lowest temperature (T/N ) 0.2), the preaveraged ori-
entation factor 0.476 gives a somewhat faster decay
than the profile calculated by considering individual
dipole orientations. This is consistent with the results
we obtained in the previous section. In narrow confined
geometries, with small donor-acceptor separations, the
preaveraged orientation factor 0.476 gives a slightly
larger extent of energy transfer due to the coupling
effect of the dipole orientation and the D-A distance.

Generation of Simulated Experimental Decay
Profiles and Determination of Interface Thick-
ness. In our previous publications,10-12 we employed the

Helfand-Tagami theory of diblock copolymer interfaces
in conjunction with Yekta’s model of FRET kinetics9 to
calculate the thickness of the interface from experimen-
tal data on PI-PMMA diblock copolymer lamella. This
methodology considers a one-dimensional distribution
of dyes in a direction normal to the interface. While this
model is convenient for data analysis, it has the
drawback of ignoring FRET events occurring within the
plane of the interface. The lamellae obtained by MC
simulation allow us to examine energy transfer within
the entire junction distribution across the block copoly-
mer interface. This provides an opportunity to examine
the validity of the one-dimensional model.

To test these ideas, we generated simulated experi-
mental fluorescence decay profiles by convoluting the
delta-function fluorescence decays, calculated in the
previous section, with an actual experimental instru-
ment response function (see Supporting Information for
details). Each of the simulated experimental fluores-
cence decay profiles was then fitted by the theoretical
decay calculated by our FRET methodology in terms of
a one-dimensional (1D) junction distribution across the
interface, following the procedures described refs 10 and
11. In this way, the interface thickness can be obtained
from the decay curve fitting. Since FRET is only
effective within a few R0, we anticipate that this exper-
iment is insensitive to waviness in the interface plane.
We could evaluate this effect by comparing the opti-
mized 1D interface thickness to the value determined
from the simulations,30 which contains the contribution
of the waviness. In addition, the goodness of fitting
results would indicate the validity of using the 1D model
for data analysis in the three-dimensional system.

We generated simulated experimental decays corre-
sponding to three different simulation temperatures
(T/N ) 0.2, 0.3, 0.4) and three different acceptor
fractions (fA ) 0.1, 0.2, 0.3). All of the decays were fitted
as described in the Supporting Information. Figure 6
shows examples of the fits for T/N ) 0.3. All of the fitting
results at different values of T/N and fA are listed in
Table 1. From the ø2 values, one can see that the
goodness of fit becomes worse with the increase of
acceptor fraction. When fA ) 0.3, the fitting is unac-
ceptable. The quality of the fit also depends on the
simulation temperature. Data obtained for higher simu-
lation temperatures gave better fits of the simulated
data to the model. The dependence of the fit on simula-
tion temperature and acceptor fraction originates from
the increase of local concentration of acceptors sur-
rounding each excited donor. With the decrease of
simulation temperature, the extent of microphase sepa-
ration becomes enhanced, and the interface narrows. As
a consequence, the dyes at the junction of the two blocks
in a polymer chain become confined in a more restricted
geometry, and the local concentration of acceptors
around donors increases. These results indicate that the
one-dimensional model is only applicable at low acceptor
fraction and simulation temperature characterized by
lower local acceptor concentrations around the excited
donors.

Values of the thickness (δ) of the simulated diblock
copolymer lamella interface retrieved from the decay
curve fitting are shown in Table 1. For each simulation
temperature, we obtained a similar interface thickness
value at fA ) 0.1 and 0.2. For fA ) 0.3, the quality of
the fit was poor, and the “best fit” thickness value of
the interface thickness was smaller.

Figure 5. Delta function fluorescence decays at T/N ) ∞ and
T/N ) 0.2 for fA ) 0.2. There are two decay curves for each
temperature: the gray lines (a) with error bars are the decays
calculated assuming 〈|κ|〉2 ) 0.476. The black lines (b) are the
decays calculated by considering individual orientation factors
for each D-A pair, assuming the junction vector as the dipole
orientation. The temperatures are indicated in the figure. The
upper straight line is the single-exponential decay in the
absence of acceptors.
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To proceed more deeply into the analysis, we compare
in Figure 7 the shapes of the interfaces inferred from
the analysis of the simulated fluorescence decay profiles
with the junction distribution obtained at each temper-
ature from the MC simulation.17,30 The junction distri-
bution (filled points) obtained from the MC simulation
includes two contributions: the “true” junction distribu-
tion across a flat interface plane and a contribution due
to waviness of the interface. This waviness is known to
contribute to experimental values of the interface thick-
ness δ obtained by scattering and neutron reflectivity

experiments. These experiments operate over a large
range of length scales where this waviness would be
expected to be prominent. The FRET experiment oper-
ates over such a short length scale (at most, a few R0)
that this waviness would not make a significant con-
tribution to the value of δ calculated from the FRET
data.

In Figure 7, we see that the width of the junction
distribution calculated from the MC structures is sig-
nificantly wider than the interface thickness obtained
from the analysis of the simulated decay curves. The
junction distribution represents a projection of the
junction loci on the z axis. The shape of this distribution
contains a contribution of the waviness of the lamellar
structure within each simulation box. The “experimen-
tal” interface profiles (Helfand-Tagami junction profiles
that match the best-fit δ values) are significantly
narrower. These profiles reflect the fact that the char-
acteristic length scale of the FRET experiment is much
smaller than the width of the simulation box. These
results emphasize the validity of the conclusion that
FRET experiments on junction-labeled block copolymers
show relatively little, if any, sensitivity to the waviness
of the interface.

Summary

In this report, we described simulated FRET experi-
ments based on block copolymer chain ensembles gener-
ated at various temperatures by Monte Carlo simula-
tion. Virtual dyes (donors and acceptors) were introduced
at the junction points of the chains. To calculate average
orientation factors, we chose two different cases for the
dipole orientation of the virtual dyes, and the average
orientation factor, 〈|κ|〉, was calculated at different

Figure 6. Fitting of simulated experimental fluorescence decays (open circles in the left figure) at three acceptor fractions (indicated
in the figure) from the simulated diblock copolymer lamella at T/N ) 0.3. τD is the unquenched donor lifetime in the absence of
acceptor. The dotted line is an experimental instrument response function. The time scale of the instrument response function
was normalized to 0.05t/τD so that the experimental and simulated data had the same dimensionless time scale. The solid lines
in the left figure are the best fits with the optimized interface thickness. Weighted residuals, autocorrelations, and ø2 values26 of
the nonlinear least-squares fitting for each decay are shown on the right side of the figure.

Table 1. Fitting Results for Simulated Experimental Decays, Using the Helfand-Tagami Mean Field Theory and Yekta’s
FRET Kinetics

T/N 0.2 0.2 0.2 0.3 0.3 0.3 0.4 0.4 0.4
fA 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3
ø2 a 0.935 2.251 4.303 1.172 1.429 2.044 1.289 1.522 1.708
δ 1.3ab 1.3a 1.1a 2.0a 2.1a 1.7a 4.3a 4.2a 3.8a

a Nonlinear least-squares fit. b a is the lattice constant in the MC simulation.

Figure 7. Junction distributions (Pj(z)) across the interface
(z ) 0) for the three simulation temperatures indicated in the
figures. All distributions are normalized by the area of the
peak. Filled points: data from the MC simulations. The
distributions were obtained by three-dimensional rotation of
the simulation box to align the interface perpendicular to the
z-axis (see Figure 6 and its context in ref 17 for details). Solid
lines: junction distributions calculated by Helfand-Tagami
theory to fit the interface thickness (at fA ) 0.1, indicated in
each figure) retrieved from fluorescence decay curve fitting.
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simulation temperatures by summing over individual
orientation factors for each D-A pair. The value ob-
tained was independent of simulation temperature and
was close to that (0.690) characteristic of a homogeneous
three-dimensional distribution of immobile dyes. From
the results of efficiency of energy transfer (ΦET) calcula-
tions and simulated fluorescence decay profiles, we
found that this preaveraged orientation factor can well
represent the dipole orientations in the simulated
system at a high simulation temperature (T/N ) ∞)
corresponding to isotropic dye distribution. But at low
simulation temperatures, this value of 〈|κ|〉 led to higher
extents of energy transfer than in the case where the
individual orientation factors for each D-A pair were
summed separately. The differences were relatively
small and varied with the simulation temperature as
shown in the inset of Figure 4.

The decrease of the simulation temperature leads to
narrowing of the interface and closer approach of the
donors and acceptors. Under these circumstances, using
a preaveraged orientation factor appropriate for homo-
geneous systems introduces errors in the calculation of
donor decay profiles and FRET quantum yields. In
narrowly confined geometries, the coupling effect of
dipole orientation and D-A distance on energy transfer
becomes pronounced due to the close proximity of donors
and acceptors. In principle, it would be best if one could
analyze data by considering the coupling of the orienta-
tion factor and the donor-acceptor distance. Since it is
impossible to measure the orientation factor for each
D-A pair experimentally, one has to choose a preaver-
aged orientation factor value to simplify the calculation
of energy transfer. The error created is relatively small
and can be rectified by using a slightly smaller value of
〈|κ|〉2 than 0.476. We estimated, from ΦET values, that
a smaller preaveraged orientation factor (〈|κ|〉2 ) 0.43
( 0.02) would properly reproduce the extent of FRET
in the simulated diblock copolymer lamella at T/N )
0.2 (with R0 ) 5a). Although this value cannot be used
extensively in the calculation of energy transfer in other
systems, we do suggest that one should use a preaver-
aged value for the orientation factor slightly smaller
than 〈|κ|〉2 ) 0.476 when one wants to calculate energy
transfer in the confined geometries, in which one of the
confining dimensions is less than 2R0 in length.

More recent results from our laboratory have shown
that the magnitude of the preaveraged orientation
parameter can be estimated through simulations of
planar-slab, cylindrical-shell, and spherical-shell geom-
etries.31 For a planar-slab geometry with a thickness
equal to R0, FRET experiments can be fitted effectively
using <|κ|>2 = 0.42.

In the final section of this paper, we described
numerical experiments in which we generated the
simulated experimental fluorescence decay profiles by
convoluting delta-function decay profiles with an actual
experimental instrument response function. The simu-
lated experimental decays allowed us to test our previ-
ous FRET data analysis methodology for determining
the interface thickness in diblock copolymer lamellae.
Our results show that the methodology gives reasonable
results, judged from goodness of decay fitting, at low
acceptor fractions and relative broad interfaces, where
the local concentration of acceptor around the excited
donors are sufficiently small. At higher acceptor con-
centrations (i.e., fA > 0.3 and low simulation tempera-
tures) obvious deviations of the fit from the data were

found. The junction distribution profile of diblock co-
polymer chain retrieved by these data analysis meth-
odology is much narrower than junction distribution
obtained in the MC simulations. This narrower junction
distribution originates from the fact that the FRET
experiment is not very sensitive to the waviness of the
interface separating the two polymer lamella because
of the short-distance nature of the FRET interaction.
On the other hand, the junction distribution inferred
from the MC calculation is obtained by projection the
loci of the junction points onto a plane perpendicular to
the interface. This distribution contains the full contri-
bution of the waviness of the interface across the
simulation box.

Because preaveraging the orientation factor even for
relative narrow interfaces introduces only small errors
in the analysis of FRET data, and because the FRET
experiment is so insensitive to waviness of the lamellar
interface, FRET experiments appear to represent a
robust experimental technique to study block copolymer
interfaces.
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