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Orientation dependence of fluorescence lifetimes near an interface
M. Kreiter,a) M. Prummer, B. Hecht,b) and U. P. Wild
Physical Chemistry Laboratory, Swiss Federal Institute of Technology, ETH-Z, CH-8092 Zu¨rich, Switzerland

~Received 24 June 2002; accepted 28 August 2002!

The fluorescence lifetime of single DiI-dye molecules in a 20 nm polymer film on glass is measured
as a function of the orientation of the absorption dipole moment. A strong dependence of the lifetime
on the orientation of the dye molecules relative to the polymer/air interface is found. Molecules with
a dipole moment perpendicular to the interface exhibit a lifetime which is by a factor of 2.160.1
longer than the lifetime of molecules with parallel dipole moments. The general trend of the results
is in good agreement with theoretical predictions. However there are significant deviations which
are attributed to varying molecular environments. ©2002 American Institute of Physics.
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Observables of fluorescent molecules like absorption
emission spectra, fluorescence lifetime, anisotropy, quan
yield, and others are influenced by their local environme
Therefore, fluorophores can be used as truly nanoscopic
sors in biology1,2 and material science.3,4 Furthermore, they
give detailed insight in fundamental optics.5,6 The interpreta-
tion of any data obtained in such applications requires a
tailed understanding of the interactions between a mole
and its environment. In such interactions different leng
scales can be of relevance, which are due to different ph
cal origins. Theoretical understanding of the behavior
single molecules is usually based on considering a mole
as classical radiating dipole in a homogeneous environm
with a piecewise constant complex dielectric constant. In
picture, the fluorescence lifetime, for example, is stron
influenced by the number of decay channels, i.e., the den
of electromagnetic modes available to the photons emi
by molecule. This effect can be important over length sca
that are large compared to molecular dimensions due to
long range of the electromagnetic interaction. In contras
this, it is also assumed, that variations in the excited s
lifetimes between identical guest molecules in a solid ma
can occur due to variations in the local dielectric const
around a molecule, i.e., the exact chemical nature of mole
lar nanoenvironments. Here, we are focusing on the inve
gation of long-ranged electromagnetic effects in a simple
ometry. We consider molecules within a distance of 0–20
to a planar interface between two lossless dielectrics.
behavior of fluorescent molecules at interfaces has been
vestigated in the past. Drexhageet al.7 studied lifetime varia-
tions as a function of the distance from a metallic interfa
using fatty acid multilayers as tunable spacers between
interface and the fluorophores. A reduction of the lifetime
orders of magnitude was observed when the distance o
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dye from the metal is in the nm range. These studies w
extended to purely dielectric interfaces8 where a pronounced
but less drastic effect was found.

A major drawback of the early experiments of Drexha
is that the theoretically predicted distinct dependence of
effect on the out-of-plane orientation of molecular dipol
could not be directly verified since this parameter could
be determined for the system under investigation. Mack
et al.5 experimentally investigated the variation in lifetime
of single molecules near a plane polymer-air interface. Th
attributed variations in the lifetime to different out-of-plan
orientation of the molecular dipoles with respect to the int
face which they deduced from shifts in the emission spec

Valleeet al.9 found strong lifetime variations of dy mol
ecules in the vicinity of a dielectric interface which the
attributed to different orientations of the dye molecules.

Xie et al.10 estimated the dipole moment orientation of
dye molecule using a doughnut-shaped laser mode. Two m
ecules with differing fluorescence lifetimes were consisten
found to have different orientations.

In this article we disentangle long-ranged electroma
netic effects from the influence of short-ranged inhomoge
ity on the fluorescence lifetimes of single dye molecules
the vicinity of a dielectric interface. We precisely determi
the out of plane component of the molecular dipoles
evaluating the patterns generated in annular illuminatio6

This allows us to systematically and quantitatively study
influence of different out-of-plane orientations on the lif
time of single fluorescent molecules near a dielectric/air
terface. The investigation of a large number of molecu
yields sufficient statistical evidence to allow for a quanti
tive comparison of our results to the predictions of classi
electromagnetic analysis of molecular fluorescence in pla
layered structures.11–18 We find that the lifetimes follow the
general trend~longer lifetime for large out-of-plane angles!
predicted by the theory. However, we also find significa
deviations which are indicative of inhomogeneous nanoen
ronments sensed by the molecules. Our results open the
to truly quantitative studies of effects due to varying molec
lar nanoenvironments on the level of single molecules.

Samples were prepared by spin-casting a solution
d.
0 © 2002 American Institute of Physics
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poly-methyl-methalcrylate~PMMA! in toluene containing
the chromophore 1,1-dioctadecyl-3,3,38,38- tetramethylindo-
carbocyanine~DiI, Molecular Probes! in a concentration of
10210 mol l21 onto a clean microscope cover glass. Th
yields 20 nm thick polymer films on glass with an are
density of'0.5 dye molecules permm2. Experiments were
performed with a fluorescence scanning confocal opt
microscope.6 A pulsed, frequency doubled NdYag laser~An-
tares, Coherent,l5532 nm, pulse length 150 ps! was used
as excitation light source. The beam passes al/2 plate before
it is coupled into a single mode optical fiber for spatial fi
tering. The polarization change in the fiber is compensa
by applying stress to the fiber~Polarite polarization control-
ler, L.O.T.!, thus allowing for switching between two o
thogonal linear polarizations at the output of the fiber
appropriate turning of thel/2 plate. After the fiber, the ligh
is collimated by a lens. A circular disk with a diameter of
mm then blocks the inner part of the beam and impleme
annular illumination geometry.6 A dichroic mirror directs the
light into a microscope objective where it is focused onto
interface. The fluorescence light is collected by the sa
objective, passes the dichroic mirror, and is detected b
single photon counting avalanche photodiode. For each p
ton, the time delay relative to the next laser pulse is recor
as well as the absolute photon arrival time during the reco
ing of the image using a TCSPC computer card~SPC 402,
Becker and Hickl!. This allows for both the construction of
fluorescence image and the local analysis of the fluoresc
lifetime at each pixel. The absorption dipole moment o
large number of single molecules was determined by ev
ating the intensity patterns that arise from excitation by
nular illumination.6 In brief, annular illumination leads to a
electric field distribution in the focus in which all three fun
damental cartesian field components~defined by optical axis
and the direction of polarization! are of comparable strengt
but exhibit very distinct patterns in the geometrical foc
plane which are shown in Fig. 1~upper part!. An arbitrarily
oriented molecule will exhibit an image pattern which is
superposition of the three fundamental patterns. In orde
enhance the orientational sensitivity of the method for sm
out of plane angles, for each molecule the image patte
were measured for two orthogonal linear polarizations of
exciting laser beam. This allows for a precise assignmen
an absorption dipole orientation by simultaneous least-sq
fitting of the two measured to the respective theoretical p
terns, finally yielding the polar angleu relative to the surface
normal.

It should be noted that the fitting procedure never yie
polar angles of the transition dipole moment very close to
perfectly parallel or perpendicular case. This behavior is
trinsic to our method of orientation determination as w
verified by investigating synthetic data with a statistical
ror, generated by a Monte Carlo algorithm. The result
patterns were evaluated by the same least-square routin
the measured data.

From these simulations, we found the most probable t
value for u is slightly different from the value as obtaine
from the fit, additionally, the error inu could be estimated
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This most probableu with the corresponding error was use
for further evaluation of the data.

The excited molecule is described as a radiating po
dipole with a transition dipole moment,p0 , located at the
position r0 at a distanced from a plane interface. The mo
lecular dipole is located in medium 1 with dielectric consta
e152.25 ~PMMA film on glass!, the second medium is ai
with e251. u is the angle between the surface normal a
p0 . For further theoretical analysis it is convenient to co
sider decay ratesP5t21 instead of lifetimest because rates
are additive. The decay ratePtot of an excited fluorophore
can be divided into a nonradiative contributionPnr and the
emission of photons~electromagnetic processes! Pem. Thus

1

t
5Ptot5Pnr1Pem. ~1!

The electromagnetic contributionPem of the total decay rate
is determined by integrating the Poynting vector over a s
able surface enclosing the dipole. Using Poyntings theo
this integration can be reduced to the calculation of the ba
reacted field at the dipole position14,17

Pem

P0
511

6pe0e1

p0
2k1

3 Im@p0* •Ebr~r0!#, ~2!

wherev and k1 are the frequency of the emitted radiatio
and the wave vector in medium 1, respectively.Ebr is the
back-reacted electrical field which is defined as the diff
ence between the field in the presence of the interface
the field of the same dipole in a homogenous dielectric m
dium. A detailed account of how to calculateEbr for a system
of stratified layers is found in Refs. 17 and 18. In the case
a plane dielectric interface, for symmetry reasons, the pa
lel ~perpendicular! component of the back reacted field ge
erated by a perpendicular~parallel! dipole vanishes. There
fore, the decay rate for a dipole with arbitrary polar ang

FIG. 1. Upper part: calculated intensity of the electrical field compone
for annular illumination. Each image corresponds to a 1m wide square area
at the interface which is coinciding with the focal plane. The double arr
indicates theE field of the incident beam~x axis!. Lower part: Experimental
data. The two images were recorded with linearly polarized light, the dou
arrows indicate the electrical field vector. The two moleculesA and B are
examples for which fluorescence lifetime analysis is presented
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Pem(u) is simply the linear superposition of the parall
(i ,u590°) and the perpendicular (',u50°) case according
to

Pem~u,d!5sin2~u!Pemi~d!1cos2~u!Pem'~d!. ~3!

Figure 2 shows the variation inPem as a function of the
distance from a dielectric-dielectric interface for the two fu
damental polarizations.17,18 In close proximity to the inter-
face, a distinct difference between the two investigated
entations is observed. WhilePem(d) is continuous for the
dipole oriented parallel to the interface, for the perpendicu
case a discontinuity is observed with

limd→01Pem,'~d!

limd→02Pem,'~d!
5S e1

e2
D 2

. ~4!

At a distance of several wavelengths away from the interf
the respective bulk values are recovered. Since the mea
ments reported in this paper were performed using fluo
phores with arbitrary orientation, located in a 20 nm thi
polymer layer on top of a glass slide, this regime, exhibit
a strong variation of decay rates with orientation is mark
in Fig. 2. It is clearly seen that a large difference inPem of
the different orientations is observed while the variations
the lifetime of equally oriented chromophores due to diff
ent distances from the interface is almost negligible.

In the lower part of Fig. 1 a typical pair of fluorescenc
images obtained with our setup is shown. The character
image patterns of single molecules are due to the interac
of the absorption dipole moment of the DiI molecules w
the electric field distribution in the focus created by annu
illumination. Some molecules are aligned almost paralle
one of the main axes of the system, leading to patterns s
lar to the theoretical patterns depicted in Fig. 1~upper part!.
The determination of the orientation of the absorption
poles is based on the least-squares fitting routine descr
above.

FIG. 2. Fluorescence decay rates of a radiating dipole at an interface
tween two dielectrics with refractive indicesn51 andn51.5.
Downloaded 18 Nov 2002 to 129.132.223.139. Redistribution subject to 
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It should be noted that Sundet al.19 report for DiI in-
stead of single absorption- and emission-dipole moments
pairs, both being symmetric with respect to a common a
For the measurements reported here, this leads to eff
which are not distinguishable from both absorption a
emission dipole moment being collinear to this axis.

In order to determine the fluorescence lifetime, all ph
tons that contribute to a certain pattern are selected b
threshold criterium and a histogram of the number of ph
tons with a certain time delay relative to the exciting las
pulse is generated. For the two molecules indicated in Fig
by ‘‘ A’’ and ‘‘ B,’’ the respective histograms are presented
Fig. 3. The fluorescence lifetimet is determined by an ex
ponential fit to the data, weighted with the appropriate s
tistical error.

Figure 4 shows the fluorescence decay rate as a func
of sin2(u). This way of data representation is chosen beca
of the resulting linear functional dependence@see Eq.~3!#.
The standard deviation in sin2(u) is determined from the
Monte Carlo simulations. Two errors of the measured flu
rescence lifetimes are taken into account quantitatively
therefore contribute to the standard deviation int: The un-
certainty of the exponential fit~see Fig. 3! and the error
introduced by the varying distance from the interface. T
decay rate of parallel dipoles is considerably enhanced r

e-

FIG. 3. Histograms for the time delay between excitation and fluoresce
emission for the moleculesA andB in Fig. 1. The exponential fit is shown a
a straight line, the resulting fitting parameters are indicated in the grap

FIG. 4. Fluorescence decay rate of Dil molecules in as a function of sin2(u).
The straight line is a linear fit to the data, the fitting parameters are indic
in the graph.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tive to the ones oriented perpendicular to the interface
linear fit to the data yields an enhanced rate of a perfe
parallel dipole relative to a perpendicular one of

Ptoti

Ptot'
5

a1b

a
52.1160.1 ~5!

with the parametersa andb of the linear fit as indicated in
the inset of Fig. 4. It should be noted, though, that alrea
inspection by eye suggests that there is a stronger devia
of the data from the fit as it would be expected from t
errors. Indeed, our set of experimental data and standard
viations yields ax25215. Assuming only normally distrib
uted errors the probabilityQ for obtaining ax2 larger than
this value amounts to 10221.20

Classical electromagnetism predicts a ratio of the rad
tive decay rates of

Pi ,rad

P',rad
52.54. ~6!

This value is slightly larger than the experimental res
for the total decay rates, indicating a nonvanishing contri
tion from nonradiative decay processes. Agreement betw
experiment and theory can be established whenPnr is set to
0.056 ns21.

The observed scatter of the measured data around
ideal behavior can be assigned to differences in the mole
lar environment, induced by the polymer matrix. These d
ferences in the nanoenvironment lead to an additional, int
sic contribution Pint to the fluorescence decay rate. T
observation that the two most prominent outliers have a
nificantly enhanced decay rate, suggests an asymmetric p
ability distribution forPint .

An estimate for the significance of these variations m
be obtained assuming a normal distribution around 0 wit
standard deviation s(Pint). In this case a s(Pint)
50.044 ns21 would yield the value forx2 with the highest
probability (x2553). It should be kept in mind, though, tha
the probability distribution forPint appears to be more com
plicated than a normal distribution. Its precise shape is g
erned by the interactions of the dye molecules with the s
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rounding matrix. Therefore these deviations deserve focu
attention in future studies since here effects on molecu
dimensions can be measured by purely optical means.

In conclusion, it has been shown that the major con
bution to variations in the fluorescence lifetime of DiI in th
direct vicinity to a plane dielectric interface can be assign
to orientational effects that lead to variations in the elect
magnetic emission probability. Nevertheless, some ot
contributions play a role as well to obtain a complete pictu
of fluorescence in nontrivial dielectric surroundings. It c
be expected that future research on single molecules
give a detailed insight in these mechanisms.

We would like to thank L. Novotny for providing the
focal field distributions in annular illumination. Stimulatin
discussions with B. Sick, W. Trabesinger, and C. Hu¨bner
were very beneficial for our investigations. The work w
funded by the ETH Zu¨rich.

1H. P. Lu, L. Xun, and X. S. Xie, Science282, 1877~1998!.
2S. Weiss, Science283, 1676~1999!.
3Single-Molecule Optical Detection, Imaging and Spectroscopy, edited by
T. Basche´, W. E. Moerner, M. Orrit, and U.P. Wild~VCH, Weinheim,
1997!.

4W. E. Moerner and M. Orrit, Science283, 1670~1999!.
5J. J. Macklin, J. K. Trautman, T. D. Harris, and L. E. Brus, Science272,
255 ~1996!.

6B. Sick, B. Hecht, and L. Novotny, Phys. Rev. Lett.85, 4482~2000!.
7K. H. Drexhage, M. Fleck, H. Kuhn, F. P. Scha¨fer, and W. Sperling, Ber.
Bunsenges. Phys. Chem.70, 1179~1966!.

8K. H. Drexhage, Bull. Am. Phys. Soc.14, 873 ~1969!.
9R. Vallee, N. Tomczak, H. Gersen, E. M. H. P. van Dijk, M. F. Garc
Parajo, G. J. Vancso, and N. F. van Hulst, Chem. Phys. Lett.348, 161
~2001!.

10X. S. Xie and J. K. Trautman, Annu. Rev. Fluid Mech.49, 441 ~1998!.
11H. Kuhn, J. Chem. Phys.53, 101 ~1970!.
12R. R. Chance, A. Prock, and R. Silbey, J. Chem. Phys.60, 2744~1974!.
13R. R. Chance, A. Prock, and R. Silbey, J. Chem. Phys.62, 2245~1975!.
14W. Lukosz and R. E. Kunz, Opt. Commun.20, 195 ~1977!.
15W. Lukosz and R. E. Kunz, J. Opt. Soc. Am.67, 12 ~1977!.
16E. H. Hellen and D. Axelrod, J. Opt. Soc. Am. B4, 337 ~1987!.
17L. Novotny, Ph.D. thesis, ETH, Zu¨rich, 1996.
18L. Novotny, J. Opt. Soc. Am. A14, 91 ~1997!.
19S. E. Sund, J. A. Swanson, and D. Axelrod, Biophys. J.77, 2266~1997!.
20P. R. Bevington and D. K. Robinson,Data Reduction and Error Analysis

for The Physical Sciences~McGraw-Hill, New York, 1969!.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp


