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near a dielectric interface
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Excited-state lifetimes of fluorophores next to a dielectric interface depend on their orientation relative to the
interface. We develop an experimental scheme to assess this effect quantitatively by recording fluorescence
decay statistics of dye ensembles using polarized excitation and emission. These experiments allow for the
determination of the relative orientation of excitation and emission dipole moments as well as the radiative and
nonradiative decay rates of the chromphores. From the latter values, quantum yields can be deduced directly

without using reference compounds.
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I. INTRODUCTION

The radiative emission rate of a quantum emitter depends
both on its transition dipole moment and on the dielectric
environment. The latter defines the photonic mode density,
corresponding to the phase space of possible emitted
photons.> Emitters near a plane interface represent a par-
ticularly simple situation. On metal surfaces*™® the emission
rate may change by orders of magnitude, partly correspond-
ing to emitted photons and partly to dissipation in the metal.
A nearby interface between two lossless dielectrics”® has
more moderate but still significant effects without introduc-
ing additional energy sinks.

Due to the broken symmetry of the system, the photonic
mode density for emitting dipoles is strongly dependent on
their orientation relative to the surface-normal vector.”!?
This effect has been demonstrated experimentally using
single-molecule techniques, first indirectly by correlating
spectra and lifetimes'' and later by directly measuring the
dipole orientation and excited-state lifetime.'?

A possible application of such lifetime changes was dem-
onstrated by Brokmann et al.'*> They determined fluores-
cence quantum yields of individual semiconducting quantum
dots via their lifetime change next to a dielectric interface.
This approach is conceptually different from the classical
method to determine fluorescence quantum yields by com-
parison to standard compounds'# where the experimental un-
certainty for the apparently simple problem of quantum yield
determination is surprisingly high."> As a consequence,
lifetime-related approaches have the potential to play an im-
portant role in the routine analysis of fluorescent species. In
addition, lifetime variations near interfaces have been dis-
cussed as a possibility to increase the information content in
fluorescence correlation spectroscopy.'® Furthermore, they
are of conceptual interest since they promise to shed some
light on the effects of the molecular environment on the pho-
tonic mode density.'”!8

The reported approaches to correlate the molecular orien-
tation relative to an interface with their decay rate have been
concentrated on single-molecule methods. They require spe-
cialized microscopic equipment and preparation techniques
and well-trained and patient experimenters. At the same time
they are restricted to extremely photostable molecules and
suffer from biased selection of individuals.
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Here, we outline and demonstrate an alternative ensemble
method that allows correlation of molecular orientation and
excited-state lifetime. We demonstrate the experimental fea-
sibility using one model compound. With reasonable as-
sumptions it is possible to directly obtain the fluorescence
quantum yield and other photophysical parameters of this
chromophore without additional adjustable parameters.

II. EXPERIMENTAL DETAILS

Substrate preparation: UV-grade fused silica slides
(25x25x1 mm’) (PGO) were cleaned and activated for 45
min in a mixture of 10 ml H,O, (34%), 10 ml NH; (32%),
and 50 ml ultrapure water (Milli-Q). After rinsing with pure
water they were vapor phase silanized in a closed vessel with
0.5 ml 3-aminopropyl-triethoxysilane (Sigma Aldrich Inc.) at
130 °C for 3 h. An extra rinsing step with water followed.

Dye functionalization: 24.5 mg poly(allylamine hydro-
chloride) (PAH) (Mw 15000, Sigma Aldrich) was dissolved
in 5 ml bicarbonate buffer (NaHCO5, 50 mM, pH=9). 50 ul
of a DMF (N, N-dimethylformamide) solution of the chro-
mophore FR636 (FR636 red reactive, Sigma Aldrich, 69296,
concentration 5X 107 mol, A.,=636 nm, and X\,
=665 nm) was added while stirring. After 1 h in the dark,
200 ml acetone were added to precipitate the polymer. The
precipitate was collected by filtering and dried.

Polyelectrolyte deposition: 0.0935 g (1 mmol repeat unit)
of PAH was dissolved in 50 ml ultrapure water together with
10.29 g (10 mmol) of NaBr. 0.202 g (1 mmol repeat unit) of
poly(styrene sulfonate) (PSS) (Mw 70000, Sigma Aldrich)
was dissolved in 50 ml ultrapure water together with 4.049 g
(32 mmol) of MnCl,. Both solutions were filtered with sy-
ringe filter (pore size 0.2 nm) and brought to a pH=3 by
addition of 0.5 ml HCI (0.1 N). The substrate was alterna-
tively immersed in the solutions of PSS and PAH for 20 min
each, with rinsing with water and drying between each depo-
sition.

Fluorescence measurement: light pulses from a laser di-
ode (Hamamatsu PLP10, A=634 nm, pulse duration 110 ps,
repetition rate 20 MHz) were coupled through a single-mode
fiber. The light was collimated, passed a line filter and a
linear polarizer, and was sent through a right-angle fused
silica prism (Melles Griot, no. 01PQB002, n=1.457 02 at
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FIG. 1. (Color online) Sketch of the experimental geometry.

A=632.8 nm). The polyelectrolyte-coated slide was attached
to its base by means of a low-fluorescent index oil (Nikon
NF550, n=1.455). The excitation light was impinging on the
prism base under an angle of 6,,=0.72 rad. Light emitted in
the direction corresponding to 64,,=0.85*=0.03 rad was de-
tected by a photomultiplier (Becker & Hickl, PMC-100-20).
Laser light was rejected by combined notch (Semrock) and
long pass (Omega) filters. For each detected photon the ar-
rival time since the experiment started (macrotime) as well
as the time elapsed since the last excitation pulse (microtime)
was recorded (Becker & Hickl, TCSPC-SPC630). The laser
controller reference output was used for synchronization.

III. EXPERIMENTAL CONCEPT

The experimental geometry is depicted in Fig. 1. A laser
beam is impinging on the basis of a right-angled prism from
the high-index (prism) side at an angle 6,, relative to the
surface normal. It excites chromophores which are deposited
on the prism basis and the emitted fluorescence is detected;
the detector position selects photons in a defined angular
range Gy

To place the chromophores at a defined distance from the
interface between air and a dielectric with a higher refractive
index, the polyelectrolytes poly(styrene sulfonate) and poly-
(allylamine) were used. They allow for the assembly of mul-
tilayers with a defined thickness at the nanometer scale.!®-?
One layer with covalently attached chromophores was em-
bedded within a multilayer, with defined numbers of bilayers
below (mypeoy) and above (mgoy.). This way, the dyes are
placed at a defined z position in a multilayer with adjustable
distances dy1ow and dypoye to the polymer-air interface and
the polymer-glass interface, respectively.

A. Single-molecule excitation

Let us now consider a chromophore which is described as
a pair of excitation and emission dipole moments. Its excita-
tion rate is given as the scalar product of exciting electrical
field E and excitation dipole moment p,,

FexOc |pex'E|' (1)

At the dipole position, the local electrical field due to an
incident plane wave is a superposition of the incident and
reflected beam. Figures 2(a) and 2(b) show the absolute val-
ues of the three Cartesian field components assuming dis-
tances dyp,e=8.2 nm, dp.,,=6 nm, and a spacer refractive
index npg=1.523 normalized by the electrical field of the
incident plane wave. Due to the similar refractive indices of
the polymer and the glass, this situation is similar to the
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FIG. 2. (Color online) [(a) and (b)] Field transmission coeffi-
cients (local-field components normalized by the electrical field am-
plitude of the incident plane wave). The fields are evaluated for a
three-layer system composed of fused silica (n=1.457), polymer
(n=1.523), and air (n=1). Furthermore, dyo,=6 nm and d,pqe
=8.2 nm are assumed. In (c) 6,,=0.687 is set fixed and dypyy. iS
varied. (d) Radiative decay rates as a function of dp,.. Other pa-
rameters are identical.

well-studied case®!? of dipoles at a defined distance from a

single (air/glass) interface. These normalized fields or field
transmission coefficients are calculated based on the transfer-
matrix formalism.”! Two linear polarizations are considered
which are independent for plane layer systems, transverse
magnetic (p) and transverse electric (s) polarization. For p
polarization two electrical field components E,, and E,,; exist
which are, according to the coordinate system sketched in
Fig. 1, parallel (x) and perpendicular (z) to the interface.
Upon illumination at the critical angle, the field is almost
purely z polarized as it would be the case for d ,,.=0 nm
for a single interface. For s polarization only a field compo-
nent E, parallel to the interface (y) exists. Figure 2(c) shows
these fields for a fixed 6. as a function of the distance from
the interface. Significant variations within the first 100 nm
are seen.

B. Single-molecule emission

For the emission process we consider a chromophore
which has a radiative emission rate of nl'| if embedded in a
medium with refractive index n in the absence of any inter-
face. This formally corresponds to a radiative emission rate
of I'y in vacuum if apart from the different refractive index,
all other influences of the nanoenvironment on the dye are
unchanged. This is conceptually useful for the following
analysis but we note that a real dye in vacuum will have a
different radiative emission rate due to local-field effects.??

The excited-state lifetime of the chromophores close to an
interface, or more generally any multilayered system, de-
pends on the molecular orientation relative to the surface. As
long as the emission process can be described by an emission
dipole moment p,,, which is fixed in space at an angle 6.4
with the surface-normal vector, we have
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ch = Fnr + COS(@ed)FL + Sin( aed)ru = Frad + Fnr. (2)

I',; is the nonradiative decay rate. The radiative rates for
dipoles parallel and perpendicular to the interface, I'; and
I' |, are depicted in Fig. 2(d) as a function of d,,y.. The
radiative decay rate for standing dipoles is significantly re-
duced close to the interface. With increasing distance from
the air-polymer interface, similar decay rates are approached
for both dipole orientations.

The probability that after excitation a photon is emitted in
a certain solid angle covered by the detector with some po-
larization is

Q)
P(Q) P rQ r
pP= ( ) rad — ( ) 0 ) (3)
Prad Prad+Pnr Frad"'rnrh_i_&
I

Here, the ratios of probabilities P and rates I" are equiva-
lent. Normalization to the vacuum value I'j facilitates the
modeling. The emission rate and the directional distribution
of the emitted radiation are obtained by considering the en-
ergy flux through a sphere around the emitter. For emission
into some solid angle (), integration over the corresponding
sphere segment must be performed,

f d(d)dA
Q

j Py(d)dA
Sphere

® and P, denote the energy flux of dipoles in the pres-
ence of the multilayer system and in vacuum, respectively.
The vector d connects the emitter and the sphere surface. For
each point on the sphere we may consider two orthogonal
linear polarizations of the electromagnetic field which are
again labeled as p and s with electrical fields parallel to the
unit vectors e, and e,. They are defined relative to the plane
of incidence containing the surface-normal vector and the
“ray” connecting the emitter and the detector. Thus

rQ)
r,

(4)

D(7) = nc[[EP] + [E*], (5)

where these fields are obtained for a dipole with emission
dipole moment P,

ikd 1

e
E’ = -EpJkP— ,
p|pem Ic| |d| 47T80

(6)

and an equivalent expression for s polarization. Here, we use
the reciprocity theorem which connects emission of a dipole
in a certain direction and local fields at the dipole position
upon excitation from the same direction.”*** E{. denotes the
local field that would be present at the dipole position if the
system was illuminated by a plane wave of unit amplitude
from the observation direction. For the multilayer system
under study, Ef, is directly connected to the field transmis-
sion coefficients shown in Fig. 2(a),
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El.=| 0 |. (7)

As a consequence, the z and x components of the mol-
ecules emission dipole moment determine the efficiency of
the molecule to emit p-polarized light. At the critical angle
E,,~0, and therefore only the z component contributes. So,
a linear polarizer in front of the detector allows one to select
radiation that comes predominantly from molecules with a
dominating z component for p polarization. s-polarized emis-
sion stems predominantly from dipoles oriented along the y
axis.

C. Modeling decay curves

Next we proceed to the analysis of the temporal distribu-
tion of photon emission relative to the excitation event. As-
suming that a photon is emitted, the probability P(7,A7) that
this emission event occurred within the time interval [7,7
+A7] is

T+AT
d
P(r,7+ A7) = —PidT’, (8)
, dr
with the emission probability density of an individual emit-
ter,

T ©)
dr

In time-correlated single-photon counting experiments,
the frequency of occurrence of photons with a certain time
delay 7 since the excitation event, the “microtime,”? is mea-
sured. In an ideal experiment the average number of detect-
able photons within a given experimental counting time 7,
(macrotime) which are within a given (micro) time interval
[7,7+A7] since the last excitation, N(7.,, 7, A7), is obtained.
This quantity can be modeled as

AT
N(texps TAT) = Loy f F™ (7) = 1o, ,F™(7)A7, (10)

where F™! is the product of the excitation rate [Eq. (1)], the
detection probability [Eq. (3)], and the emission probability
density [Eq. (9)] of an individual dye with a given position
and orientation,

Q)
1—‘Irad + 1—‘nr

raQ)
=T
ex F

FmOI( T) = Fex [Frad + 1-‘nr]e—[rra(ﬁ—rm]T

Foe_rf)[(Fri\d/FO)+(Fnr/F0)]T. ( 1 1 )
0

F™! has the dimension s~ and may be termed “rate den-
sity,” pointing to its rate character in the macrotime and
probability density character in the microtime domain. The
superscript “mol” indicates that this equation applies to a
single molecule. If many molecules are present, their indi-
vidual contributions F™!, according to Eq. (11) must be
added to an ensemble rate density,
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FIG. 3. (Color online) (a) Simulated decay curves for an en-
semble of randomly oriented dyes. The lines are exponential fits. (b)
Values for I oq and I'ey/T’ as obtained by fitting.

F(n) 2 F™)(r). (12)

mol

To calculate F"(7), the orientation of p., and p., must
be specified for all molecules under study. While this prob-
ability distribution can be quite complex in general, for many
relevant systems one may assume randomly oriented mol-
ecules. In this case one only has to specify the angle between
Pox and p., to obtain a decay curve of the ensemble by
summing a statistical ensemble of pairs p., and p., with a
fixed relative angle .. It contains contributions from
molecules with all possible orientation of the emission dipole
relative to the interface, and in turn, different individual de-
cay rates. Since two different linear polarizations, p and s,
for both excitation and emission are considered, one may
record four different decay curves. In Fig. 3 simulated decay
curves assuming a I'y=1 s, random dye orientation and col-
linear absorption and emission dipole moments (6 o, =0°)
are shown. The multilayer system is described by the param-
eters given in Fig. 2. The deviation from a monoexponential
decay is not noticeable until the signal has decreased from its
maximum value at 7=0 by at least a factor of 10. In the
experiment, this deviation cannot be resolved; therefore the
information contained in such a decay curve may be con-
densed in the two parameters that are obtained by fitting: the
signal strength /.4 right after the exciting pulse and the
apparent monoexponential decay rate I'yy in the beginning.
The subscripts e and d denote the excitation and detection
polarizations which may both be either p or s. This yields a
total of eight independent experimentally accessible quanti-
ties that can be used to characterize the chromophore under
study. For the example discussed here, the resulting values
for I'yq and [.q are summarized in Fig. 3(b). For the ss
configuration we obtain the highest intensity and an apparent
decay rate that is close to the limiting case of a dye oriented
parallel to the interface [dotted line in Fig. 3(b)]. For pp the
intensity is significantly lower. I',, is approximately 1.3
times smaller than I'j; but significantly larger than the value
expected for dipoles purely oriented in the z direction. Inter-
mediate apparent decay rates are found for ps and sp condi-
tions. In the following, we are going to demonstrate that
based on the four “decay curves” (ss, ps, sp, and pp), it is
possible to determine the three intrinsic molecular param-
eters, L'y, I, and 6, o, in a unique and reliable fashion.

IV. MODEL SYSTEM AND DATA COLLECTED

The chromophore fluorescent red reactive 636 (FR636)
was investigated. It was covalently attached to the polyelec-
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FIG. 4. (Color online) Microtime histograms. Counts per micro-
time interval are normalized by excitation intensity and total count-
ing time. The time corresponding to the excitation pulse is indicated
as dotted line. For the further evaluation, this time is taken as 0.

trolyte poly(allylamine) (Mw 15000). The stoichiometry of
the reactants corresponded to one chromophore per 5000
monomer units. A clean fused silica glass was functionalized
by 3-aminopropyl-triethoxysilane and served as the support
for the deposition of alternating poly(allylamine) and poly-
(styrene sulfonate) layers. First, 2.5 bilayers, starting with
PSS were deposited, followed by the dye loaded PAH. Then,
this layer was covered by additional bilayers of dye-free
polyelectrolyte. Distances d,,,. between the dye and the
polymer-air interface between 8 and 80 nm were achieved
with coverage between 2 and 10 additional polyelectrolyte
bilayers. Illumination was provided by a ps laser diode (6,
=0.687 with respect to the normal to the prism base) and the
fluorescence photons emitted in 6,,,=—0.884 with respect to
the normal to the prism base were recorded by a time-
correlated single-photon counting card (Becker & Hickl,
TCSPC-SPC630), recording for each photon the time
elapsed since the excitation pulse (microtime 7). Microtime
histograms, normalized by total counting time 7., and exci-
tation intensity /., for one sample, are shown in Fig. 4. They
equal the rate density in Eq. (11) up to a prefactor «,

N
F™=qa : (13)
Iextexp

The curves are well described by single exponential de-
cays. The values determined for 7, and I, from each fit are
displayed in the inset. We observe experimentally similar
trends as predicted for the idealized model (Fig. 3); T',, is
significantly smaller than I, and I, ,,, is significantly smaller
than /1 .

V. DETERMINATION OF PHOTOPHYSICAL
PARAMETERS

A. Determine 0y, .. and I,

Next, we proceed with the quantification of molecular
photophysical parameters. First, we note that optical trans-
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FIG. 5. (Color online) Sum-of-squares difference between calculated and experimental I, as a function of 6., . The number of bilayers
is indicated on top of each graph. For the calculation, djeio, =60 nm and d,poy.=8.2/27.1/40.5/61.2/79.2 nm were assumed.

mission characteristics of the setup, dye concentration, and
detector quantum yield are experimental parameters that only
lead to variations in the factor « in Eq. (13). Since these
setup-related parameters are very difficult to quantify, we
choose not to attempt a quantitative model of « and leave it
as a free fitting parameter. Then, the only parameters that
may be varied to model the experimental decay curves are
[y, Iy, and 6., o« In principle, one could use a least-squares
minimization routine to identify a set of (a,Ig, Iy, Oemex)
that represents the best fit to the experimental data. This
approach is prohibitive due to the computational efforts re-
quired to generate one synthetic data set similar to the one
shown in Fig. 3 with a given set of intrinsic parameters.
Here, we present an alternative method to reach the same
result.

We first consider I, the counts at r=0 which, from [Eq.
(12)] is given assuming detection of all emitted photons

rQ
Iy = oy ATF™(7=0) = 1,, AT, Fex—; )ro
mol 0
Q)
= tepr TFOE I‘If:x r ’ (14)
mol 0

with the total counting time ., and the bin width A7. Again
neglecting all constant prefactors, this expression only de-
pends on 6., .. Therefore, 6, .x can be determined from the
four experimental /y.q (e,d=p,s) by identifying the pair
(@, Gem ex) such that

AI( eem,ex» a) = E (Ig,ed - a[()m,ed)z
2

(15)

is minimized. The superscripts ¢ and m denote experimental
and modeled quantities. For a fixed 0, ¢, the optimum value
for « is obtained analytically as

(4 m
E IO,ed ’ IO,ed
p.s

Fopt= TGS m 2 (16)
> (I
.S
such that only the quantity
AIz(gem,ex) = E (Ig,ed - aopllz)n,ed)2 (17)

pPss

has to be minimized to retrieve 6. . Figure 5 shows

AIZ(Gem,eX) for dye ensembles covered with polymer layers
of different thickness. The values for dgjoy, and dg,q. Were
determined by measuring polyelectrolyte multilayer thick-
nesses independently by ellipsometry (NANOFILM EP3)
and with a profilometer (TENCOR P-10 Surface Profiler-
KLA Tencor), average values are given in the caption of Fig.
5. For dyes covered by 4 bilayers and more, a consistent
minimum for 6, .,=0° is found, indicating that excitation
and emission dipole moments are collinear. This is expected
since we excite the chromophore close to its emission wave-
length. Therefore the same electronic transition is respon-
sible for excitation and emission. Furthermore, it suggests
that the dyes are well immobilized such that their orientation
does not change between excitation and emission. Chro-
mophores only covered by a small amount of polymer show
a slight deviation from this ideal behavior. Probably, a coat-
ing with 2 bilayers is too thin to be regarded as a bulk di-
electric, and additional effects on very small length scales
play a role here.

Figure 6(a) shows the measured I, values for the chro-
mophores at different distances d,,,,. from the polymer-air
interface. Significant changes in the absolute intensities are
obvious which are due to variations in the chromophore con-
centration. Figure 6(b) shows the same data normalized in
comparison to the theoretical prediction assuming Oy ex
=0° and random dipole orientation. A remarkably good
agreement of theory and experiment is found, given the dif-
ficulties of quantitative intensity measurements. Not only the
Iy 4 that is much higher than all other values but also the
decrease in this difference with increasing coating thickness
is nicely reproduced. The decrease in I, and increase in
Iy s and I are seen as well. We conclude that randomly
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FIG. 6. (Color online) (a) I, as obtained from the fitting the
decay curves. (b) Comparison between experimental and theoretical
1. For comparison, both data sets were normalized such that /[ ,,
+10,ps+10,sp+10,ss= L.
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FIG. 7. (Color online) AT'? as a function of I',,/Ty for chromophores under polymer layers with different thickness.

oriented pairs of dipoles with 6, .,=0° are an appropriate
description of our experimental situation. We will use these
values for the further discussion. We furthermore note that
significant deviations from this situation such as chro-
mophores with a preferred orientation or large 6, o, would
be readily seen in this analysis.

B. Determine I'y and I',,,

For the determination of the two remaining unknowns, I';.
and I'j, we proceed in a way that is very similar to the
determination of 6, ... We first note that I'(2)/I’y and I' ;4
=Ty do not depend on the actual value of I, but are intrinsic
to the optical system. To make this clear, we introduce two
normalized (N) parameters: ['(Q)V=I'(Q)/T, and Ff;d
=T,,q/T. Similarly we introduce I'N=T /T as a normal-
ized molecular parameter that does not depend on I';. With
these abbreviations, Eq. (11) reads

F™(7) = T PN Q)T g ol T, (18)

Since an overall scaling does not affect fitted apparent
decay rates, we may alternatively consider for the ensemble
response [Eq. (12)]

ens
= —F (T) = E FCXFN(Q)e_FO[Ff‘\;.d-‘—F[l‘:;]T_

0 mol

Fo'(7) (19)

From this expression it is clear that again neglecting all
prefactors, the only effect in I'j is a scaling of the (micro)
time axis. As a consequence, the ratio of the effective decay
rates and the vacuum decay rate, Fed/TO, is constant. Then,
we obtain a simple correspondence between modeled (m)
and experimental (¢) parameters as

g g
To identify the pair (I'y,I",,/I"y) that agrees best with the

experiment, we have to minimize the difference AI" between
experimental and modeled decay constants,

(20)

Fm 2
INEED IR S pa B I (21)

0

with

1.00.0 0.4 0.8 1.2 0.0 0.4 0.8 1.2
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Figure 7 shows AI'> as a function of the remaining free
parameter, I',./T"y. For dyes embedded below 4 polymer bi-
layers or more, a consistent minimum around I',,/T"y=0.5 is
seen. For chromophores covered with only 2 bilayers, again
deviations from this simple model are obvious. From each of
these curves, a I'),/T’; can be extracted as the position of
minimum AI'2. The error of I',,/T’y can be estimated from
the points left and right of the minimum where AI'> has
increased to twice its minimum value. This range is indicated
by the horizontal lines in Fig. 7. This definition of the error is
chosen since for a set of independent determinations of one
quantity and assuming a Gaussian noise, the resulting inter-
val would correspond to an error of one standard deviation
(o). We note that similar errors are obtained if the sample-
to-sample variations in / and I are considered as statistical
error while the error as obtained from the numerical fits of
the decay curves are too small to explain these deviations
from theory.

Simultaneously, the mean value and the standard devia-
tion of I'(/I'{ is determined at the minimum and at the points
of doubled AI'?, respectively. Figures 8(a) and 8(b) show the
values of these two parameters as determined from the five
independent data sets. If we neglect the experiments where
the dyes were very close to the surface, we obtain the
weighted averages of I',,/1(=0.59%=0.07 and T,
=0.197+0.008 ns™".

Figure 8(c) shows the experimentally obtained values for
I'.y together with the modeled values based on these
weighted averages. Very good agreement is found for the
decay rates. This indicates that first the simple model system
described the experimental data quite well and that second
by this ensemble experiment it is indeed possible to deter-
mine radiative and nonradiative decay rates with an accept-
able accuracy.

VI. APPLICABILITY FOR THE DETERMINATION OF
LIFETIMES AND QUANTUM YIELDS

From the statistical analysis of our data, we obtain relative
errors in I'y and I",./Ty of 4% and 11%, respectively, corre-
sponding to a comparatively high accuracy for these quanti-
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FIG. 8. (Color online) (a) Nonradiative and (b) radiative decay rates as obtained by the minimization. The horizontal line is the weighted
average. (c) shows a comparison between modeled I'.4 and their experimental counterparts.

ties. Using the same physical effect and single-molecule
methods, Brokmann et al.'? arrived at a similarly accurate
precision when determining the quantum yield of semicon-
ducting quantum dots between 95% and 100%.

In spite of this apparently high accuracy, it is important to
keep in mind that the analysis is based on several assump-
tions, which, although apparently well fulfilled for the model
case studied here, must be checked again for a new system.
One has to assure that the dye is indeed represented as a
couple of excitation and emission dipole moments which are
fixed in space and randomly oriented. The proper modeling
of the surrounding media in terms of homogenous dielectric
constants should be verified. Proper sample preparation
avoiding chromophore aggregation is important as in any
other quantum yield determination experiment.

We note furthermore that we obtain quantum yields for
dyes embedded in a specific matrix. These values may differ
significantly from the ones for dye solutions where quantum
yields are usually measured. As a consequence, dyes should
in general be characterized in the surrounding where they
will be used for a certain application while comparison of
values in different host media should be treated with care.
One should point out furthermore that all methods to deter-
mine quantum yields are assuming chromophores which are
identical and do not change in time. Blinking, for example,
may lead to strong differences between the quantum yield
measured via lifetime changes and using the classical

method.!3 Dark but absorbing chromophores contribute to
quantum yields measured by combined absorption and fluo-
rescence emission spectroscopy but are not detected in the
lifetime-based approaches. As a result, complementary infor-
mation is obtained from the different approaches for such a
more complex situation.

VII. SUMMARY

In summary, we have developed a method to determine
the angle between excitation and emission dipole moments
as well as the radiative and the nonradiative decay rates of
organic dyes. It is based on polarization-resolved excitation
and detection of molecular fluorescence close to a dielectric
interface, effectively using the different photonic mode den-
sities for dipoles parallel and perpendicular to the interface.
It has the conceptual advantage that it does not require cali-
bration standards and can therefore be used in any host en-
vironment for quantum yield measurements. Therefore, we
anticipate that such approaches for the determination of non-
radiative decay rates will complement or even replace the
“classical” method in the future.
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