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ABSTRACT: We consider a simple model for steady-state luminescence of single polymer chains in a
dilute solution in the case when excitation quenching is due to energy transfer between a donor and an
acceptor attached to the ends of the chain. We present numerical results for Rouse chains without or
with hydrodynamic interactions, which are taken into account in a perturbative manner. We consider
the situations of a quiescent solvent as well as the chain in a shear flow and discuss the dependence of
the steady-state luminescence intensity on the strength of hydrodynamic interaction and on the shear

rate in the flow.

1. Introduction

The kinetics of reactions where polymers are involved
has attracted much attention in the last 2 decades due
to its experimental relevance and to a large variety of
applications. In particular, luminescent energy transfer
in polymers is an important phenomenon (see, e.g., ref
1). Luminescent markers are used for probing both the
intrinsic polymer dynamics and the properties of their
solvent environment. However, such dynamical phe-
nomena definitely belong to the most complex problems
in diffusion—reaction processes, and no satisfactory
theoretical approaches have been found to provide a
reasonable description. The problem relies on the com-
plicated nonmarkovian dynamics of the system, where
the most interesting phenomena take place on the time
scales on which the systems show strong memory
effects. Even the corresponding initial condition problem
is hard to solve, and no satisfactory quantitative theory
exists at present for the stationary case.

Let us start from formulating the problem, and
discuss the simplest energy transfer model, which will
be used throughout the article. Let us assume that the
ends of a polymer are marked (e.g., by a donor monomer
and an acceptor monomer). The molecule is under
constant irradiation at a resonant probe frequency, so
that the donor can get excited with probability 4 per
unit time (we consider A as the effective intensity of the
irradiation). The relaxation of the excited state due to
spontaneous emission, as well as nonlinear effects
connected with possible multiple excitation are ne-
glected, so that the only mechanism of relaxation is the
donor—acceptor energy transfer. We assume that the
corresponding energy transfer is accompanied by emis-
sion of a photon with a frequency different to that one
of the applied irradiation. In a typical situation, taking
place in fluorescence resonance energy transfer (FRET),
the efficiency of energy transfer is dependent on the
inverse sixth power of the donor—acceptor separation.
This dependence is so steep that one typically introduces
a reaction radius ¢ and assumes the lifetime of the
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excited-state being infinite when the distance between
donor and acceptor is larger than a and practically zero
if this distance is smaller than a. This is exactly the
model we use throughout the present article.

The overall situation is depicted in Figure 1, where a
short part of the simulated time dependence of the end-
to-end distance, r(¢), is shown for a simple Rouse chain
of length N = 21 in a quiescent solvent, vide infra. The
bar-code-like set of rectangles shown in gray in the
lower part of the picture shows the times, when r(¢) <
a (at rather low resolution). The typical FRET situation
corresponds to the case when the absorption of a photon
at time ¢, when r(#) < a is immediately followed by
photon emission. For r(¢) > a, the absorption of the
photon at time ¢ excites the system, which stays in an
excited state until r(¢) reaches again the reaction radius
a, and then the emission follows. We shall say that for
r(t) < a the donor—acceptor system is in its off-state and
when r(#) > a it is in its on-state. This notation
corresponds to the ability of a donor to keep its excited
state for a considerable time. In what follows, the
expressions on and off will be simply used for denoting
states in which the end-to-end distance is above and
below the reaction radius a, respectively. Now, the
probability that a photon arrives when the system is in
the off-state is proportional to the probability to find
the end-to-end distance r(¢) < a, which can be im-
mediately calculated from the equilibrium (or, in the
case of polymers in flows, steady-state) end-to-end
distance distribution. Moreover, the intensity of the
fluorescence in the off-state is then proportional to the
intensity of irradiation, since the probability of excita-
tion being in the off-state is constant. On the other hand,
the excitation in the on-state is not immediately followed
by the emission of a photon. This is an essentially
nonequilibrium phenomenon, probing the dynamics of
the end-to-end changes. As we proceed to show, the
dependence of the intensity of this process on the
intensity of irradiation is nonlinear, so that it can be
distinguished from the equilibrium background. When
thinking about experimental realizations of the process,
one must take into account that even if FRET does not
take place, the lifetime of the excited state of the donor
if finite. This means that for very long molecules, whose
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Figure 1. A short part of the trajectory r(¢) for a Rouse chain and explanation of the definition of the on-state (r > a, here a =
3) and the off-state (r < a) of the system. See text for details. In a typical FRET situation, the photon absorption occurring in the
off-state (for example at ¢ = ¢;), is immediately followed by photon emission. If the absorption takes place in the on-state (for
example at ¢ = ¢3), the photon is emitted when entering the off-state (at ¢ = t3). The bar-code-like set of gray rectangles denotes

the times the system spends in its off-state.

Rouse time is compared to this lifetime or longer, this
nonlinear component is weakened. For such long mol-
ecules, one can consider marking the ends by a monomer
which has a triplet excited state (having a very long
lifetime) and by a corresponding quencher. However, the
reaction radii in this case are very small.

For modeling purposes, we first consider the following
hypothetical situation which emphasizes the crossing
from one state to another. We fully disregard the
emission in the off-state and take for the time being that
being close to the acceptor (r(¢) < a), the donor cannot
be excited. In this case, being in the on-state, the system
may be excited with probability 4 per unit time and
emits the photon with the observation frequency under
the transition into the off-state, whereas in the off-state
the system cannot be excited; i.e., it is simply “off”. Our
on—off model does not closely model the FRET situation,
where the donor—acceptor interactions are typically too
small to bring the system out of resonance. However, it
still can be a reasonable approximation in the case when
the reaction radii are small. Moreover, the results for
the realistic situation can be obtained from the ones for
the on—off-model by adding a term linear in A, vide
infra.

The overall situation might seem simple; however, it
is much more complicated than the case of irreversible
cyclization?™8 and extremely awkward for theoretical
investigation, even in the absence of flow. Our knowl-
edge about the reaction kinetics under flow is sporadic
even for simpler reactions (see, e.g., refs 9 and 10).

The whole problem would be easily solvable if the
lifetime distributions in the on- and the off-states were
known. Then the probability for it to be excited being
in the on-state and therefore the intensity of the emitted
light could be easily calculated. The probabilities to be
in either state are connected with the level-crossing
properties of the random process r(¢). As for all diffusive
processes, however, the level-crossing process by r(¢)
shows a fractal structure (corresponding to the fractal
structure of the bar-code-set in Figure 1), so that the
meantime between two such crossings is zero. This

follows immediately from the Rice formula for level
crossing density!! and from the form of the two-time
correlation function of the end-to-end distances, e.g., for
a Rouse polymer, which function lacks the second
derivative at zero. Again, as for all diffusive processes,
this leads to a “tremor” in which r(¢) crosses the a-level
many times until it leaves and performs a long excursion
to either side. This “tremor” is due to the fact that the
diffusion approximation (Wiener process) used in the
description of the chain (for example through the Rouse-
like Langevin dynamics) does not adequately mirror the
short-time dynamics of whatever physical system is
used.!? However, the existence of this theoretical prob-
lem does to no extent require any change of the model
(e.g., by introducing underdamped dynamics, as pro-
posed in ref 12) since the physical problem at hand does
not depend on the too-small time behavior of the r(¢)-
process. Indeed, this process is randomly sampled at
times ¢; given by a Poissonian flow of photons following
the rate 1. The behavior of r(¢) at times much smaller
than A~! thus cannot be sampled and can physically play
no role: this statement is a close analogue of Nyquist’s
sampling theorem. Thus, the absence of the lifetime
distributions is not a problem of our theoretical model,
but a problem of standard mathematical tools which rely
too much on the unphysical, but absolutely unimpor-
tant, short-time properties of a Wiener process.

Therefore, in what follows, we concentrate on the
numerical investigation of the proposed model and
consider the intensity of stationary luminescence of the
polymer I(1) under constant irradiation. We discuss the
Rouse model without hydrodynamic interactions, as well
as the role of hydrodynamic interactions between the
monomers treated in a perturbative manner. Although
such an approach is limited to weak hydrodynamic
interaction (the effective hydrodynamic radii of mono-
mers are small compared to the typical distances
between them), the trends obtained here from the
numerical simulations will definitely persist at realistic
interaction strengths. We also consider the case when
the polymer molecule undergoes deformation in a shear
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flow, which does not however cause the full stretching
of the molecule. This situation is especially interesting
as the case when the stationary luminescence of diluted
polymer solution can be used as a probe for the flow
structure. The authors are not aware of any experimen-
tal work using this kind of measurement; thus our
numerical study might serve as a proof-of-principle for
such immediate flow diagnostics method.

2. Simulation Approach

Let us start by discussing the numerical procedure
used in this paper. It consists of two independent
parts: first, the simulation of the r(¢)-trajectories, which
are stored with high enough resolution, and second,
their analysis, giving the steady-state luminescence
intensity I(1). The reason for this approach is that one
realization of the process can then be used to obtain I(1)
for a variety of parameters a and /1 of the model, so that
the most time-consuming part of the simulation is done
only once for the time necessary to get enough statistics.
The time resolution of stored data has to be much
smaller than the minimal 17! used to calculate I(1).

Let us concentrate first on the last part of the
problem, namely on the evaluation of the stationary
luminescence intensity for a given realization of the r(¢)-
process. From the record of the r(¢f) we define the
a-crossings of the process and, for given a, obtain the
lengths of on- and off-intervals, which are ordered and
stored. According to the Poisson statistics, the prob-
ability of not getting excited during a given on-interval
of duration #,, is exactly exp(—Aat,,). Thus, the prob-
ability of emitting light after the on-excursion is equal
to 1 — exp(—At,,). Since the total intensity of emitted
light for one polymer is proportional to the overall
number of the intervals during which the system made
a transition into its excited state, we have for the model
where the off-state is not excitable:

n(a,T)

I = 51 Z [1 — exp(—At)] @))

1=

where i numbers the on-intervals, n(a, T) is their overall
number, which depends on the reaction radius ¢ and
on the overall time of simulations 7. For an ensemble
of polymers in solution with the individual behavior
described above, the steady intensity of emitted light
in the on—off model is expected to be proportional to
expression 1. Accordingly, the steady-state luminescence
of an irradiated polymer solution should show, in
practice, a relation between the intensities of the
emitted light and the incident irradiation in agreement
with the numerical estimation of eq 1 for our chain
model (see below). In this work, we numerically study
the modification of such dependence by the effect of a
flow, and we suggest that this observation can be used
as a flow detection method in experiments with polymer
solutions.

Equation 1 shows that the intervals of very small
duration are sampled with the probability proportional
to their lengths so that, as anticipated, the fractal
structures in vicinity of the concentration points of the
level-crossings are not resolved and play no role. Using
eq 1 it is possible to scan the whole range of intensities
A within one run, which is necessary to detect nonlinear
effects. The situation in which, being in the off-state,
the molecule immediately emits light, corresponds to the
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Table 1. Quality of Perturbative Approximations for

N =21

EmtD [LZD

theoretical 30 20
Rouse simulation 30.185 21.028
Zimm, ro = 0.1 0-order 29.591 27.406
1-order 30.763 21.020
2-order 30.221 20.181
Zimm, ro = 0.2 0-order 31.190 36.923
1-order 33.114 23.843
2-order 31.676 21.839
Zimm, ro = 0.5 0-order 42.058 73.349
1-order 49.344 44.741
2-order 53.215 46.732

case when, being in the off-state the molecule can get
excited whenever a photon arrives. Assuming the pho-
tons to arrive in a Poissonian manner, we get that the
intensity in the off-state is simply proportional to the
probability of being in this state, so that the overall
intensity follows by adding this one to the expression
given by eq 1

L) =1IG) + AP, 2)

where P,g is the probability to be in the off-state, i.e.,
the overall relative time spent by the ends of a Gaussian
chain within a sphere of radius a. Since this simply
corresponds to adding a linear function of 4 to the
results for the on—off model, we concentrate in what
follows only on these results, given by eq 1. However, a
few words on the calculation of P, are in order.

Since the distribution of the end-to-end distance for
such a chain as a Gaussian, the corresponding prob-
ability can easily be calculated:

Py= [o.p)dr (3)

where p(r) is the distribution of the end-to-end distances
and the integration region Q(a) corresponds to the
reaction sphere of radius a. The case without flow, due
to the spherical symmetry of p(r), is especially simple.
Since p(r) in this case is a function of only the absolute
value of the distance r, P,y depends only on the relative

reaction radius p = a/y/[L%[) where [L20is the mean
end-to-end squared distance for the chain. The integra-
tion gives

P, {p) = erl(\/gp) - p\/g exp(—%pz) 4)

with erf(x) being the error function. This result holds
for all situations without flow.

For the case with flow, the end-to-end distribution
loses its spherical symmetry, and leads to more com-
plicated expressions. In the situation with flow and with
hydrodynamic interactions, it is hard to get the analyti-
cal expression for P,s. We evaluate the corresponding
probability from the numerical simulations, since it is
simply proportional to the overall time spent in the off-
state. The numerical results following from our simula-
tions are presented in Tables 3 and 4.

Let us now turn to the first step of the proposed
numerical procedure, which corresponds to the simula-
tion of the trajectories.

2.1. The Rouse Model. We start from the Rouse
chain as the simplest model for a polymer,3-14 where
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Table 2. Quality of Perturbative Approximations for

N =51
N=51 Ui'ml:l Mﬂl:l
theoretical 75 50
Rouse simulation 75.323 48.122
Zimm, ro = 0.1 0-order 76.063 86.674
1-order 77.412 54.021
2-order 75.926 47.746
Zimm, ro = 0.2 0-order 81.399 130.64
1-order 83.903 67.487
2-order 79.167 51.600
Table 3. Py for the Chain with N = 21
a=0 a=1 a=4 a=38
ro=0 0.014843 0.502626 0.974239
ro = 0.05 0.014831 0.499207 0.972863
ro=0.1 0.013845 0.484438 0.969214
a=0.0125 a=1 a=4 a=38
ro=20 0.014 67 0.499 77 0.973 02
ro=10.05 0.014 81 0.497 75 0.97191
ro=0.1 0.013724 0.482 83 0.968 35
a=0.078 a=1 a=4 a=8
ro=0 0.013605 0.443851 0.937554
ro=10.05 0.013742 0.456638 0.947050
ro=0.1 0.012997 0.450992 0.949065
o = 0.488 a=1 a=4 a=8
ro=0 0.006830 0.156 18 0.438 74
ro=0.05 0.007423 0.185 20 0.526 06
ro=0.1 0.008600 0.209 18 0.589 51
Table 4. Py for the Chain with N = 51
a=0 a=2 a="17 a=12
ro=0 0.034207 0.613049 0.960062
ro = 0.05 0.033190 0.594208 0.957482
ro=0.1 0.028929 0.556314 0.945990
o= 0.002 a=2 a=17 a=12
ro=0 0.033 86 0.614 18 0.959 83
ro=0.05 0.032 70 0.594 12 0.957 56
ro=0.1 0.029 32 0.556 41 0.946 33
o =0.0125 a=2 a=17 a=12
ro=0 0.033417 0.575235 0.933795
ro = 0.05 0.030730 0.571878 0.945019
ro=0.1 0.027587 0.540211 0.939310
o=0.078 a=2 a="17 a=12
ro=0 0.016 09 0.201 26 0.459 65
ro=0.05 0.024 17 0.282 67 0.615 73
ro=0.1 0.012 73 0.308 60 0.676 50

the excluded volume effects and the hydrodynamical
interactions between monomers are neglected. A Rouse
chain is a set of IV beads; each one, except for the two
end beads, is connected to two neighbors by a harmonic
potential, so that the overall potential energy of the
system reads

N-1 1
= =2
V= 5k|ri — Tl (5)

1=

where % is the harmonic spring constant and 7; corre-
sponds to the position of the ith bead. The end beads
are connected only to one neighbor. The coupled equa-
tions of motion of the chain correspond to an over-
damped motion under the influence of thermal fluctua-
tions:
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where y is the friction parameter, and 7; is a zero-mean
white noise obeying the fluctuation—dissipation relation,

G () O= 2k Ty0,0,0(t — t'). (7)

In thermal equilibrium, the following relations following
immediately from the canonical distribution have to
hold independently on the model:

B,y = SOV — kT 8)
3k, T
@20= —2 9)
k
3(N — Dk,T
L= TB (10)

where E;, is the total energy, and d and L stand for
the bead-to-bead and end-to-end distances, respectively.
These relations are always checked numerically as a
proof of the quality of the simulation.

We also now apply a shear flow to the system, 7 =
(ay, 0, 0). The shear flow is implemented in eq 6 by
including a term + oyy; for the motion in the x-coordinate
of each bead i

v
o7,

1 —
=1V 15 (ay, 6,0 (11)

14 14
The characteristic intensity of the flow necessary to
compare its effects on the chain’s conformation in
different situations is given by the value of the dimen-
sionless parameter arg (Weissenberg number), with 7z
being the Rouse time.8

2.2. Hydrodynamic Interactions. The situation
under hydrodynamic interactions is much more in-
volved. The standard approaches'®~17 are very accurate
but slow, so that we prefer an approximate perturbative
one. The quality of the corresponding approximations
is checked by calculating two thermodynamically fixed
parameters of the chain in quiescent solvent: its mean
end-to-end distance and the overall energy. In particu-
lar, the end-to-end distance in the chain was found to
be extremely sensitive to improper incorporation of the
hydrodynamic interaction. We confined ourselves to the
situations under which the first and second order of the
perturbation theory was found sufficient, as is the case
up to hydrodynamic radii of the order of /5 of the typical
distance between the monomers. This is considerably
smaller than the realistic value of around /5. The slow
convergence of perturbation series makes the use of
such an approach unreasonable for larger radii. There-
fore, in the present work, we only discuss some qualita-
tive features, which can be seen when switching on the
weak interaction and assume that they persist also
when the interaction gets stronger.

The hydrodynamic interactions among the beads are
modeled within the Zimm scheme.'® The Zimm model
is based on the Rouse chain model but the equations of
motion for different beads are coupled to each other not
only through elastic forces but also through hydrody-
namic forces. Such coupling is a long-range one and is
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introduced through the Oseen tensor,!® which is a 3 x
3 tensor defined for each pair of beads (i — j)

T — 1 =1 (=1 \T o

;= W[r A7)+ I (12)

1
I == (13)

14
where .7is a unit matrix, 7'; is a unit vector 7;/[7;| in
the direction of 7;; and ()T is its transpose. The
viscosity parameter 7 can be expressed through y and

the bead’s size ry since for i = j one has Ygmyro = 1/y.
Then,

7 = 3ry
Y 4V|7ij|

77" + .71 (14)

In what follows we use y = 1, which fixes the time scale
of the presented numerical results. The equation of
motion for the ith bead thus reads

N

R I

"i_zﬂij
=

The noises 7j; acting on different beads are now not
independent; otherwise, the fluctuation—dissipation
theorem would be violated. One often writes the corre-
sponding equation of motion in the form

= T, + J2kgT () (16)

where 9% is the 3N x 3N matrix with the diagonal
elements being unity (in the units where y = 1) and with
the nondiagonal elements denoting the Oseen terms
between the corresponding components of velocity of
different beads, and the matrix .¢ = V% 'is defined
through ¢ AT = % The elements of the vector y are
now independent, zero mean Gaussian white noises.
Actually, the computation of the equations of motions
in the Euler scheme reads

— + 7 (15)
T

1%
or;

xt+ A @ fi®)
yl(t + At) yl(t) ]Q{(t)
z,(t + AD) 2,(t) £

Pi@)
Py (@#)
Yi@)

J2ReTAE |y | AT)

where }‘f are the forces due to the harmonic springs for
the ith bead in the § axis and wf are the corresponding
components of .

The computation of .7 can be performed exactly by
diagonalizing %. This exact diagonalization requires an
extremely high computational cost for long chains. The
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widely used method based on the orthogonal polynomi-
als decomposition (which gives very exact results) is still
too slow to get the runs long enough for our purposes.
Therefore, we decided for a simple approximate ap-
proach based on the perturbation expansion of the
hydrodynamic interaction.

To do this we write % as .+ ro/, and then expand

the square root .¢ = ,/.%+ry/'in powers of rg
(g TS (18)
ST 2 8

Since in the thermal equilibrium the averages [E;,:[]
being the internal energy and [L2[(also being a ther-
modynamical quantity following immediately from
equipartition) are not modified by the dissipative cou-
pling introduced by the Oseen tensor, we can numeri-
cally check the validity of the approximations for . ¢ for
different ro values. We see that [L20is extremely
sensitive to incorrect incorporation of the hydrodynamic
interaction, and its calculation is used as a probe of the
quality of the approximation, see Tables 1 and 2. The
data for the Rouse model give us typical error bars for
the simulation of the exact model on the same scale.

Looking at Tables 1 and 2, one can conclude that for
ro up to 0.2, the second-order approximation is sufficient,
and for r up to 0.1, the first-order approximation (much
shorter simulations) is accurate enough. In the case
ro = 0.5, also the second-order approximation is insuf-
ficient. Thus, in our simulations we restrict ourselves
to ro < 0.2. Once again we stress that such small
hydrodynamic radii are rather unrealistic, but they still
allow for discussing some qualitative effects of the
hydrodynamical interaction.

We use a second-order Runge—Kutta method to solve
eq 17 with a sufficiently small time step At = 1072, For
the results shown in this paper we run 2 x 107 iterations
up to a maximum time ¢ = 2 x 10% for a full trajectory
needed for adequate statistics. An initial thermalization
period of 1000 time units is performed in all cases in
order to start the trajectories from a thermal equilib-
rium state. The Compaq AlphaServer HPC320 used to
run these simulations requires about 3 h of CPU time
for N = 51 when the first-order approximation scheme
is chosen. The second perturbative order requires more
than 120 h of CPU time for the same number of
iterations and chain length. In the numerical results
shown in this paper, energy is given in units of kT,
and length in units of ./kzT/k. The time scale is
determined by the choice y = 1.

3. Results

Although the overall role of flow and hydrodynamical
interaction is rather clear, the behavior of the intensity
as a function of parameters a and r¢ is not trivial. The
flow elongates the molecule, so that the typical end-to-
end distance grows with a while the hydrodynamical
interactions slow the dynamics of intramolecular rela-
tive motion, which increases the characteristic time
spent in the on-state.

The behavior of I(1) as a function of hydrodynamic
radius and flow intensity strongly depends on the
relation p between the reaction radius, a, and the
equilibrium end-to-end distance of the polymer (i.e., the

one in the absence of the flow), L = 4/[L*0 For p < 1,
the polymer is typically in the on-state, and thus the
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Figure 2. Intensity of steady-state luminescence in the on—
off model as a function of irradiation intensity A for a reaction
radius such that p < 1. In panel a, N = 21 and ¢ = 1. In panel
b, N =51 and a = 2. In both panels the same notation is used.
The symbol indicates the value of the bead radius: filled
squares (ro = 0), empty circles (ro = 0.05), and stars (ro = 0.1),
whereas solid, dotted, and dashed lines correspond to atrz =
0, 1.05, and 6.56, respectively. 7z = 13.51 for the chain with
21 beads and 7z = 84.43 for chains with 51 beads.

flow (elongating the chain and making the transition
into the off-state less probable) and the hydrodynamic
interaction without flow (making the change of states
slower) work in the same direction and lead to the
decrease in intensity, as is clearly seen in Figure 2.

For p > 1 the molecule is typically in the off-state.
Increasing flow increases the probability of switching
to the on-state, and thus leads to increase in the steady-
state intensity. The hydrodynamic interaction in the
absence of the flow also leads to increasing the typical
time in the corresponding state. The effects of the flow
and the hydrodynamic interactions for p > 1 are
depicted in Figure 3. The increasing effect of the
hydrodynamic interaction has to do with the interplay
of two factors. On one hand, the longer on-intervals get
even longer under hydrodynamic interaction, and thus
give smaller contributions to the overall intensity. On
the other hand, increasing the interaction makes some
short on-intervals that were not resolved on the time
scale 17! to become longer in such a way that is now
resolved on that characteristic minimum time scale,
leading to large positive contributions to the overall
intensity. As can be concluded from the results in Figure
3, the latter effect increases the intensity with a
contribution that surpasses the loss due to the former
effect.

This explanation shows that the role of hydrodynamic
interaction is rather subtle, and may lead to interesting
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Figure 3. Same as in Figure 2, but now for p > 1. In panel
a, N =21 and ¢ = 8. In panel b, N = 51 and ¢ = 12. We use
the same notation for the lines as in Figure 2.

effects for both regimes (p < 1 and p > 1), especially
when the flow is present. Indeed, the effect of hydro-
dynamic interaction for the cases with oo = 0 depends
in a fine way on all parameters, and may act in opposite
directions (compare the curves for no flow and high flow,
otg = 6.56, in both panels of Figure 2, and the curves
for no flow and moderate flow, atg = 1.05, in the upper
panel of Figure 3).

The presented results correspond to the model that
considers that the donor—acceptor system cannot be
excited when being in the off-state. The values of P,
which are necessary to establish the connection with the
situation where the off-state can be excited, eq 2, are
given in Tables 3 and 4 for N = 21 and for N = 51,
respectively. The intensities of the flows in these tables
correspond to the same values of the dimensionless flow
intensities azg = 0, 0.176, 1.05, and 6.56 for N = 21
and for N = 51 chains (the Rouse times being 7z = 13.51
and tr = 84.43, respectively).

4. Conclusions

We presented the results of numerical simulations of
the intensity of steady-state luminescence of single
polymer chains in a dilute solution due to excitation
quenching in a simple model in which donor and
acceptor are attached to the ends of the chain. The chain
is modeled by simple Rouse dynamics without or with
hydrodynamic interactions, which are taken into ac-
count in a perturbative manner. We consider the situ-
ations of a quiescent solvent as well as the chain in a
shear flow. Depending on the relation between the
effective distance for energy transfer and the typical
end-to-end distance of the chain different regimes are



3510 Reigada and Sokolov

encountered with respect to dependence of the steady-
state luminescence intensity on the strengths of the flow
and of interaction. Such luminescent probes may be
used for experimental flow diagnostics.
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