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Abstract: We have studied the dependence of concen-
tration quenching of luminescence (donor-acceptor
energy transfer) on the thickness d of dye-doped polymeric
films (HITC:PMMA) and found its strong inhibition at small
values of d. This phenomenon is tentatively explained by a
limited number of acceptors, which donors’ excitation can
reach in thin samples, if the film’s thickness is comparable
to the diffusion length of the energy transfer. The latter
mechanism, along with effective reduction of the dye
concentration, is responsible for an inhibition of the con-
centration quenching of dye molecules impregnating
porous alumina membranes. The elongation of emission
kinetics in thick (23 um) HITC:PMMA films is cautiously
attributed to the samples’ crystallinity.

Keywords: concentration quenching; diffusion length;
emission kinetics; Forster radius.

1 Introduction

Energy transfer between donors and acceptors [1]
(which can be atoms, molecules, quantum dots, etc.) is
an important physical phenomenon, whose applications
range from biophysics [2] and phosphors [3] to laser
technology [4, 5] and photovoltaics [6]. The common
utilizations of the energy transfer in technology include
sensitization of emission [4, 5, 7] and photon cutting
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[8, 9] (also known as cross relaxation [4, 5]). Depending
on emission and absorption spectra of donors and
acceptors, their oscillator strengths, the rates of
dephasing and relaxation, molecular concentrations,
etc., energy transfer can be coherent or incoherent and
reversible or irreversible [1]. The most common and
thoroughly studied is the energy transfer occurring in
the weak coupling Forster regime, which is incoherent
and irreversible, and whose rate is determined by the
overlap of the emission spectrum of donors and the
absorption spectrum of acceptors [1, 10]. When the rate
of the energy transfer, commonly resulting in quenching
of donors’ luminescence, increases with an increase
of the molecular concentration, this phenomenon
(primarily studied in this work) is referred to as the
concentration quenching.

Quantum emitters [11, 12], including dye molecules
[13, 14], are widely used in a variety of nanophotonics [15,
16] fundamental studies [17, 18] and applications [19, 20].
At high dye concentrations, which are of importance at
stimulated emission [21, 22] and strong coupling [23-26],
the concentration quenching of luminescence and its
inhibition in vicinity to metallic surfaces and lamellar
metal/dielectric metamaterials have been studied
[27-29]. While the particular focus of these and other
studies [30] was on effects of non-local metallic envi-
ronments, the effects of the nanoscopic samples’ geom-
etry on luminescence kinetics in purely dielectric
systems received much less attention. In this study, we
have demonstrated and explained the dependence of
luminescence concentration quenching and its inhib-
ition on the (i) thickness of dye-doped polymeric films
deposited on glass substrates and (ii) concentration of
dye molecules impregnating porous anodic alumina
membranes. Both effects are discussed in terms of the
reduced number of acceptors available to donors in thin
films and fibers. Furthermore, the (iii) experimentally
observed elongation of emission kinetics in thick (=3 pm)
HITC:PMMA films is cautiously attributed to the samples’
crystallinity.
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2 Experimental samples

The experimental samples in our studies were (1) PMMA
polymeric films doped with HITC dye, deposited on glass,
and (2) anodic alumina membranes impregnated with dye-
doped polymer (HITC:PMMA), Figure 1. The latter 50 pm
thick membranes (acquired from Redox Inc.) had 30 + 5nm
wide open pores (filling factor f = 15%), propagating wall-
to-wall, perpendicular to the membrane’s faces. The dye
concentration ranged between v = 2g/l and v = 40g/l (in
solid state) and the film thickness (on glass) varied between
11 nm and 3.6 pm.

The samples were prepared by dissolving 2-[7-(1,3-di-
hydro-1,3,3-trimethyl-2H-indol-2-ylidene)-1,3,5-heptatrienyl]-
1,3,3-trimethyl-3H-indoliumiodide (HITC) dye and poly
(methyl methacrylate) (PMMA) polymer in dichloromethane
(DCM). The solution was then sonicated for t = 90 min at room
temperature. Finally, the dye doped polymer solutions were
spin coated onto micro glass slides (obtained from VWR
International) or anodic alumina membranes, discussed
above, Figure 1, using a spin-coater from Specialty Coating
Systems (Model P6700). The thickness measurements of the
polymeric films (on glass) were done using a stylus profil-
ometer (Bruker Dektak XT).

3 Results and discussions
3.1 Spectroscopic and kinetics studies

The spectroscopic properties of HITC:PMMA films were
studied in recent Ref. [27]. The emission and excitation
spectra were collected using the spectrofluorimeter Fluo-
rolog 3 (from Horiba) and the absorption spectra were
taken using the spectrophotometer Lambda 900 (form
PerkinElmer). Similar measurements were carried out in
the present study. The absorption and excitation bands
have the maxima at 762 nm, while the emission band
has its peak position at 772 nm, Figure 2. Knowing the
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spectrum of absorption coefficients and the dye concen-
tration, we have determined the spectrum of absorption
cross sections u(w).

In the emission kinetics measurements, the samples
were excited with ~150 fs pulses of a mode locked Ti:Sap-
phire laser (Mira 900 from Coherent). The laser spot was
~ 2.5 mm in diameter, the average power was ~ 60 mW, and
the repetition rate was 76 MHz. The emission kinetics were
recorded using a visible and near-IR streak camera (Model
C5680 from Hamamatsu). The time resolution, determined
by the jitter of the laser and the wide-open entrance slit of
the streak camera, was ~100 ps. The emission decay rates
were determined by fitting the experimental kinetics with
exponential functions, as explained below.

3.2 Donors and acceptors

In our experiments, not aggregated HITC dye molecules
serve as donors. Quenching centers (acceptors) are, gen-
erally, of different nature and their concentration c, can be
either dependent on or independent of the molecular
concentration v, ¢, oc V¥, where x = 0, 1, 2, ... Quadratic
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Figure 2: Absorption (trace 1), excitation (trace 2) and cw emission
(trace 3) spectra of HITC:PMMA film on the glass substrate at a dye
concentration of 8.5 g/l. Emission spectrum taken at short-pulse
pumping (trace 4). Adopted from Ref. [27].
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Figure 1: Schematics of experimental samples.

(@) HITC:PMMA film deposited on glass and (b) anodic alumina membrane impregnated with dye-doped polymer (HITC:PMMA).
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dependence of the energy transfer rate on the HITC dye
concentration, reported in Ref. [27], is consistent with ¢, o<
v*and direct energy transfer between donors and acceptors
[1], Figure 3a. On the other hand, at high concentration of
donors cp and efficient energy transfer between them, the
migration of electronic excitation over donors can accel-
erate the energy transfer to acceptors and shorten donors’
emission kinetics. In this case of migration-assisted energy
transfer, Figure 3b, the quadratic dependence of the
transfer rate on the dye concentration is predicted at c, o< v
[1]. We infer that the latter regime of donor-acceptor
energy transfer takes place in our experiments, as descri-
bed below.

3.3 Determination of the Forster radius

Knowing the experimental spectra of emission F(w) and
absorption cross section u(w), we determined the Forster
radius for energy migration over HITC molecules (the dis-
tance between two molecules at which the transfer rate is
equal to the emission decay rate [1]) to be equal to

_ %’ fF (Wn(w)

R6
Fo 8nm n4e*

dw =53nm. 6))]
Here Xz is the factor describing relative orientation of
dipoles (x’ = 2/3 for random orientations) [ F (w)dw = 1, wis
the angular frequency, n = 1.5 [31] is the index of refraction,
n = 0.07 [32] is the spontaneous emission quantum yield,
and c is the speed of light. None of the features in the
absorption spectra of HITC could be unambiguously
attributed to acceptors. Therefore, the Forster radius for the
donor—acceptor energy transfer could not be determined.

3.4 Emission kinetics of thin HITC:PMMA
films on glass

In the emission kinetics analysis, we first treated all
kinetics as single exponential and determined their effec-
tive decay rates y by equating the area under the normal-

. . .. . . tmax
ized experimental emission kinetics [ ™ {{&dt and the

(a) Direct energy transfer

N
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tmax

exponential function [

exp( —yt)dt, Figure 4a. As the

root mean square error rms = \/ L (I(O/1 (?\;"exp(‘yt))z (deter-
mined by the experimental noise and deviation of the
emission kinetics from exponential functions) propagated
to the error of y, it resulted in the error bars ranging from
~1% to =5% — equal to or smaller than the sizes of the
characters in Figure 5. The largest contribution to the
experimental error of y, ~+10%, came from the sample-to-
sample variation in the film fabrication and the error in the
dye concentration v. (In the equation above, N is the
number of the data points).

The emission Kinetics of low concentrated HITC dye
(v = 2g/1) deposited on glass substrates were nearly single
exponential (Figure 4b) and their relatively small
decay rates were practically independent of the film
thickness (Figure 5, squares). A similar result was observed
at v = 3.6g/lin Ref. [27] (Figure 5, diamonds). According to
Ref. [27], at this low dye concentration, the emission decay
is predominantly determined by the combination of radi-
ative and nonradiative intracentral relaxation processes,
and the effect of the concentration quenching is small.

At the same time, at large dye concentrations, the
emission kinetics had significantly higher decay rates
(larger at v = 40g/I than at v = 30g/l) and deviated from
exponential functions (Figures 4a and b). This behavior is
consistent with the concentration quenching of HITC
molecules reported in Ref. [27]. (Note that the emission
decay rates in our experiment did not increase with
increase of the pumping intensity, ruling out energy
transfer upconversion [33] as the key mechanism of the
concentration quenching.)

At the dye concentration equal to v = 40 g/, the
emission kinetics were measured at various thicknesses of
HITC:PMMA films, ranging from 11 nm to 3.6 pm. In the data
set represented by solid black circles in Figure 5, the film
thickness was controlled by viscosity of the solution at
unchanged spinning parameters. The corresponding
emission decay rates were maximal at the film thicknesses
d ~ 1 pm and they decreased significantly at smaller values
of d. The characteristic length scale of the decay rate
reduction, dy = 33 nm, was determined by fitting the data

(b) Migration assisted energy transfer
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Figure 4: (a) Experimental emission kinetics at low v=2g/land high v=40 g/l dye concentrations and their fits with exponential functions. (b)
Emission kinetics of HITC:PMMA films deposited on glass at the film thicknesses ranging from d =15 nm to d =364 nm at low dye concentration
v = 2g/l (adopted from Ref. [28]) and from d = 11 nm to d = 957 nm at high dye concentration v = 40g/I.
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points with the function C + B(1 — exp(-d/d,)), solid line in
Figure 5. A qualitatively similar behavior (and the fitting)
have been demonstrated in the series of HITC:PMMA films
with dye concentrations equal to v = 30g/1, green triangles
in Figure 5.

3.5 Diffusion length of the excitation
migration

We infer that shortening of the emission kinetics in thin
films (at high dye concentrations) is due to a relatively
small number of acceptors to which donors can transfer
their excitation, leading to inhibition of the Forster energy
transfer and inhibition of the concentration quenching.
Naively, one would think that this effect can be significant

1000
Film thickness d (nm)

purple diamonds; v = 2g/!: Filled black
squares. Vertical dashed line shows an
onset of scattering. The error bars are
shown.

10000

only at film thickness d < Rr. However, as we show below,
the characteristic length of the excitation migration can be
larger than this. We assume that the energy migration over
donors (delivering excitation energy to acceptors) is dif-
fusion, with the diffusion coefficient (in 1D approximation)
given by [34]

1R 1 R

TINT IR @
where At is the time of the excitation “hop” between two
molecules, related to the energy transfer rate W as
At = 1/W = 1o (R/Rp)®, T, is the emission decay time, Ry is
the Forster radius, and R = v;"? is the average distance
between molecules. (Here v, the concentration in cm™. For
HITC:PMMA, v = 1 g/1is equivalent to v, = 1.83 x 10® cm™).
Correspondingly, the characteristic diffusion length [34]
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(the standard deviation of the diffusion spread of excita-
tion) is equal to
R |t

0=V2Dt =—=|— 3

7\ ©)
Thus, at t =1 (time interval equal to the excitation
lifetime),

o(to) = R /R* = Ry’ (4)

Therefore, o (1) grows with increase of both the Forster
radius and the donors’ concentration.

At v =140g/l: vy = 7.32 x 10 cm™, R = 2.7 nm, and
0(To) = nm. This means that during the luminescence
lifetime, excitation migrates over 20 nm, making many
“hops” from donor to donor before terminating at an
acceptor, which can be as far as 20 nm away from the
originally excited donor. This scenario of migration-
assisted energy transfer [1] is consistent with the quad-
ratic dependence of the concentration quenching on the
dye concentration reported in Ref. [27]. Correspondingly,
the energy transfer occurring within 20 nm from the film’s
surface is sensitive to the existence of the boundary of the
dye-doped medium and absence of acceptors outside of the
dye-doped film. As each film has two surfaces, the net
volume affected by the vicinity to the interfaces is 40 nm
thick, nearly an order of magnitude larger than the Forster
radius R = 5.3 nm and close to dy = 33 nm determined
experimentally. (Note that at the emission quantum yield n
exceeding 0.07, the Forster radius Ry and the characteristic
diffusion length o(t,) will be even larger.)

3.6 Inhibition of concentration quenching in
anodic alumina membranes

In the next particular experiment, we impregnated anodic
alumina membranes with HITC:PMMA at different dye
concentrations v and studied the emission kinetics and the
decay rates as the function of v. The ~80 nm dye-doped
polymeric films with the same dye concentrations, depos-
ited on glass, served as control samples.

In accord with Ref. [27], the HITC:PMMA films on glass
demonstrate growth of the emission decay rates with
increase of v (concentration quenching) that could be fitted
with the formula (A + W) + yv?, Figure 6. Here (A + W) is
the rate of radiative and nonradiative intracentral relaxa-
tion and y is the rate of the concentration quenching.

In membrane samples impregnated with HITC:PMMA
at low dye concentrations, the decay rates were almost
similar to those in the control samples (at the same dye
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Figure 6: Concentration dependence of the emission decay rate in
HITC:PMMA on glass (trace 1: Red diamonds and red dashed line)
and in anodic alumina membranes (trace 2: Black circles and black
dashed line). The dashed lines are the best fits of the experimental
points with formula (A + W) + yv*. Traces 3 and 4: Same as trace 2 but,
plotted against the scaled concentrations fv rather than the original
concentration v. Trace 3: f= 0.15, poor match with trace 1. Trace 4:
f=0.20, good agreement with trace 1. Inset: Zoomed part of the main
frame.

concentrations). However, at high dye concentrations, the
decay rates in membranes were significantly smaller than
those in the HITC:PMMA films on glass, Figure 6.

Based on the model of the excitation migration dis-
cussed above, we argue that ~30 nm in diameter
HITC:PMMA polymer fibers formed in pores of alumina
membranes were so thin that they inhibited the long-range
diffusion energy transfer and the corresponding concen-
tration quenching. One can further infer that the statisti-
cally uniform distribution of the nanometer-scale
HITC:PMMA dispersed phase is equivalent to a reduced dye
concentration fv, where fis the filling factor for a dye-doped
polymer.

The reduction of the effective dye concentration fv
causes the reduction of the concentration quenching and
qualitatively explains the experimental result of Figure 6.
In this figure, the decay rates in HITC:PMMA on glass (trace
1) and in alumina membrane (trace 2) are plotted against
the dye concentration v. Traces 3 and 4 depict the decay
rates of HITC:PMMA in alumina membrane plotted against
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scaled concentrations fiv and fov, respectively. Here
f1 =0.15 is equal to the pores’ filling factor in the alumina
membrane and f, = 0.20 is the effective concentration
scaling factor providing for the best match of traces 1 and 4.
The fact that trace 1 (dye on glass) can be fitted with trace 4
(dye in membrane plotted against scaled concentration)
suggests that the porous environment, in the first approx-
imation, is equivalent to reduction of the dye concen-
tration. However, the mismatch between trace 3
(corresponding to the expected filling factor f = 0.15) and
trace 1 (experimental decay rates on top of glass) indicates
that the analogy is incomplete.

The same mechanism is also expected to contribute to
inhibition of concentration quenching in thin films in
vicinity of metallic nanostructures [27-29, 35]. However,
the inhibition of the concentration quenching in metallic
nanostructures is stronger than that on top of glass [28].

3.7 Inhibition of concentration quenching in
thick HITC:PMMA films

Another intriguing phenomenon was observed in thick
highly doped HITC:PMMA films (d = 3.0 pm, v = 40 g/), in
which the decay rates dropped abruptly to approximately
one third of their maximal value at ~1 pm (Figure 5, open
circles). The thick samples, starting from d = 0.96 um, were
scattering (milky), as opposed to clear slightly colored
thinner films. All thick samples with reduced decay rates
were scattering. However, not all scattering samples (in the
range 1 pm < d < 3 pm) had reduced decay rates, Figure 5.
Furthermore, thick samples with reduced decay rates had
anomalously strong absorption, nearly 10 times larger than
that in samples of comparable thickness with uninhibited
emission decay, Figure 7. The milkiness of the thick films

25000

20000 +

15000

abs (cm-l)

+~° 10000

5000

600 700 800
Wavelength (nm)

Figure 7: Absorption spectrum of the scattering 3.0 pm HITC:PMMA
film (trace 1), not scattering 2.68 pym film (trace 2), and not scattering
0.24 pm film (trace 3). Dye concentration: v =40 g/l.
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can be due to known in the literature crystallinity of PMMA
[36], which can depend on the processing conditions, such
as varied spinning rates used for the fabrication of thick
samples. At the same time, the effect of crystallinity on the
anomalously strong absorption and the inhibition of the
concentration quenching are still waiting for their
explanations.

4 Summary

To summarize, (i) we have studied the dependence of
concentration quenching of luminescence (donor—
acceptor energy transfer) on the thickness d of dye-doped
polymeric films (HITC:PMMA) and found its strong
inhibition at small values of d. (ii) This phenomenon is
tentatively explained by the limited number of acceptors,
which can be reached by donors’ excitation in thin sam-
ples, if the film’s thickness is comparable to the diffusion
length of the energy transfer (determined by the Forster
radius and the dye concentration). (iii) The same phe-
nomenon is consistent with inhibition of the concen-
tration quenching of dye embedded in anodic alumina
membranes. (iv) The elongation of the emission Kinetics
in thick HITC:PMMA films is cautiously attributed to the
samples’ crystallinity.

According to Ref. [37], the photonic density of states
(PDOS) and, correspondingly, the radiative decay rates of
emitters implanted into a dielectric matrix are getting
reduced in vicinity of a dielectric-air interface. The same
mechanism should cause a reduction of spontaneous
emission rates in thin HITC:PMMA films in our study.
However, the comparison of the model [37] and our
experiment suggests that the PDOS reasoning is insuffi-
cient to explain the strong reduction of the decay rates
observed at high dye concentration v = 40 g/ (~2.5-fold,
Figure 5). This and seeming absence of the PDOS effect in
low doped HITC:PMMA thin films,v=2g/landv=3.6 g/, is
the subject of the further study to be published elsewhere.
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