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Orientation dependence of fluorescence lifetimes near an interface
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The fluorescence lifetime of single Dil-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 af(211
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. 28602 American Institute of Physics.
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Observables of fluorescent molecules like absorption andye from the metal is in the nm range. These studies were
emission spectra, fluorescence lifetime, anisotropy, quanturextended to purely dielectric interfaéashere a pronounced
yield, and others are influenced by their local environmentbut less drastic effect was found.

Therefore, fluorophores can be used as truly nanoscopic sen- A major drawback of the early experiments of Drexhage
sors in biology2 and material scienc®® Furthermore, they IS that the theoretically predicted distinct dependence of the

give detailed insight in fundamental opt&The interpreta- effect on the out-of-plane orientation of molecular dipoles

tion of any data obtained in such applications requires a Ole(;ould not be directly verified since this parameter could not

tailed understanding of the interactions between a moleculg 5 . . . T
. . . . . et al’ experimentally investigated the variation in lifetimes
and its environment. In such interactions different length

| be of rel hich d diff h of single molecules near a plane polymer-air interface. They
scales can be of relevance, which are due to different phySk i \ted variations in the lifetime to different out-of-plane

cal origins. Theoretical understanding of the behavior ofyjentation of the molecular dipoles with respect to the inter-

single molecules is usually based on considering a moleculgyce which they deduced from shifts in the emission spectra.
as classical radiating dipole in a homogeneous environment vjallee et al® found strong lifetime variations of dy mol-
with a piecewise constant complex dielectric constant. In thigcules in the vicinity of a dielectric interface which they
picture, the fluorescence lifetime, for example, is stronglyattributed to different orientations of the dye molecules.
influenced by the number of decay channels, i.e., the density Xie et al? estimated the dipole moment orientation of a
of electromagnetic modes available to the photons emittedye molecule using a doughnut-shaped laser mode. Two mol-
by molecule. This effect can be important over length scale§cules with differing fluorescence lifetimes were consistently
that are large compared to molecular dimensions due to th@und to have different orientations.

long range of the electromagnetic interaction. In contrast to " ;fhiS a][ticle \f/:/e.d;lsentanglf It:)ng-ranged'e:]ectromag-
this, it is also assumed, that variations in the excited stat€tic ffects from the influence of short-ranged inhomogene-
Ity on the fluorescence lifetimes of single dye molecules in

the vicinity of a dielectric interface. We precisely determine

around a molecule, i.e., the exact chemical nature of molecys, o ;ating the patterns generated in annular illumingtion.
lar nanoenvironments. Here, we are focusing on the investiryis ajiows us to systematically and quantitatively study the
gation of long-ranged electromagnetic effects in a simple gemfluence of different out-of-plane orientations on the life-
ometry. We consider molecules within a distance of 0-20 nmime of single fluorescent molecules near a dielectric/air in-
to a planar interface between two lossless dielectrics. Theerface. The investigation of a large number of molecules
behavior of fluorescent molecules at interfaces has been iryields sufficient statistical evidence to allow for a quantita-
vestigated in the past. Drexhageal.” studied lifetime varia-  tive comparison of our results to the predictions of classical
tions as a function of the distance from a metallic interfaceglectromagnetic analysis of molecular fluorescence in planar
using fatty acid multilayers as tunable spacers between th@yered structureS:™*®We find that the lifetimes follow the
interface and the fluorophores. A reduction of the lifetime bydeneral trendlonger lifetime for large out-of-plane angles

orders of magnitude was observed when the distance of thirédicted by the theory. However, we also find significant
deviations which are indicative of inhomogeneous nanoenvi-

) _ ~ronments sensed by the molecules. Our results open the way
dpresent address: MPIfiPolymerforschung, Mainz, Germany. Electronic to truly quantitative studies of effects due to varying molecu-
mail: kreiter@mpip-mainz.mpg.de . .
bpresent address: Institute of Physics, University of Basel, Switzerlandl@l Nanoenvironments on the level of single molecules.
Electronic mail: bert.necht@unibas.ch Samples were prepared by spin-casting a solution of
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poly-methyl-methalcrylate(l PMMA) in toluene containing
the chromophore 1,1-dioctadecyl-3,33 - tetramethylindo-
carbocyaningDil, Molecular Probesin a concentration of
10" moll~! onto a clean microscope cover glass. This
yields 20 nm thick polymer films on glass with an areal
density of~0.5 dye molecules peum?. Experiments were
performed with a fluorescence scanning confocal optical
microscopé. A pulsed, frequency doubled NdYag lagén-
tares, Coherenfy =532 nm, pulse length 150 psvas used

as excitation light source. The beam passe®glate before

it is coupled into a single mode optical fiber for spatial fil-
tering. The polarization change in the fiber is compensated
by applying stress to the fibéPolarite polarization control-
ler, L.O.T), thus allowing for switching between two or-
thogonal linear polarizations at the output of the fiber by
_appro_prlate turning of thﬁ/2_ plate. After t_he ﬂbe_r’ the light FIG. 1. Upper part: calculated intensity of the electrical field components
is collimated by a lens. A circular disk with a diameter of 3 for annular illumination. Each image corresponds to a ide square area
mm then blocks the inner part of the beam and implementst the interface which is coinciding with the focal plane. The double arrow
annular illumination geomet@A dichroic mirror directs the indicates the fleld of the incident bearn_x a>§|s). Lower part: E>'<per|mental

. . . . o data. The two images were recorded with linearly polarized light, the double
!Ight Into a microscope ObJeCt'Ye Where itis focused onto the,rows indicate the electrical field vector. The two molecudeand B are
interface. The fluorescence light is collected by the same@xamples for which fluorescence lifetime analysis is presented
objective, passes the dichroic mirror, and is detected by a

single photon counting avalanche photodiode. For each pho-

ton, the time delay relative to the r_1ext I_aser pu_lse 1S recordeﬁlhis most probabl® with the corresponding error was used
as well as the absolute photon arrival time during the recordf-Or further evaluation of the data
ing of the image using a TCSPC computer c&sPC 402, :

. . . The excited molecule is described as a radiating point
Becker and HicKl. This allows for both the construction of a dipole with a transition dipole momengy,, located at the

fluorescence image and the local analysis of the fIuorescen(b(%)smonro at a distancel from a plane interface. The mo-
lifetime at each pixel. The absorption dipole moment of aq¢i5r dipole is located in medium 1 with dielectric constant
large number of single molecules was determined by evalué1:2.25 (PMMA film on glass, the second medium is air
ating the intensity patterns that arise from excitation by anyyith e,=1. 0 is the angle between the surface normal and
nular illumination® In brief, annular illumination leads to an po. For further theoretical analysis it is convenient to con-
electric field distribution in the focus in which all three fun- gjqer decay rateB= ! instead of lifetimes- because rates
damental cartesian field componefdefined by optical axis zre additive. The decay raf,, of an excited fluorophore
and the direction of polarizatiorare of comparable strength can be divided into a nonradiative contributi&y, and the

but exhibit very distinct pattems in the geometrical focalemission of photon$|ectromagnetic proces3d§em_ Thus
plane which are shown in Fig. (upper part An arbitrarily

oriented molecule will exhibit an image pattern which is a E:p =P +P (1)
. tot nr em-
superposition of the three fundamental patterns. In order to 7

enhance the orientational sensitivity of the method for smalirpe electromagnetic contributid®,,, of the total decay rate
out of plane angles, for each molecule the image patterng determined by integrating the Poynting vector over a suit-
were measured for two Orthogonal linear polarizations of th%b|e surface enc|osing the d|po|e Using Poyntings theorem
exciting laser beam. This allows for a precise assignment ofhis integration can be reduced to the calculation of the back-
an absorption dipole orientation by simultaneous least-squat@acted field at the dipole posititfit’

fitting of the two measured to the respective theoretical pat-

. - . P 6mege;
terns, finally yielding the polar angl@relative to the surface P_em: 1+ 23 Im[pZ - Epdro)], )
normal. 0 PoX1

It should be noted that the fitting procedure never yieldsyhere » andk, are the frequency of the emitted radiation
polar angles of the transition dipole moment very close to theynd the wave vector in medium 1, respectively, is the
perfectly parallel or perpendicular case. This behavior is inpack-reacted electrical field which is defined as the differ-
trinsic to our method of orientation determination as wasence between the field in the presence of the interface and
verified by investigating synthetic data with a statistical er-the field of the same dipole in a homogenous dielectric me-
ror, generated by a Monte Carlo algorithm. The resultingdium. A detailed account of how to calculdgg, for a system
patterns were evaluated by the same least-square routine @Sstratified layers is found in Refs. 17 and 18. In the case of
the measured data. a plane dielectric interface, for symmetry reasons, the paral-

From these simulations, we found the most probable truéel (perpendicularcomponent of the back reacted field gen-
value for 6 is slightly different from the value as obtained erated by a perpendiculdparalle) dipole vanishes. There-
from the fit, additionally, the error i¥ could be estimated. fore, the decay rate for a dipole with arbitrary polar angle
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8 FIG. 3. Histograms for the time delay between excitation and fluorescence
emission for the moleculesandB in Fig. 1. The exponential fit is shown as
n=1 n=1.5 a straight line, the resulting fitting parameters are indicated in the graph.
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distance [nm . . S .
nm} stead of single absorption- and emission-dipole moments two

FIG. 2. Fluorescence decay rates of a radiating dipole at an interface bgdairs, both being symmetric with respect to a common axis.
tween two dielectrics with refractive indices=1 andn=1.5. For the measurements reported here, this leads to effects
which are not distinguishable from both absorption and
emission dipole moment being collinear to this axis.
L . o In order to determine the fluorescence lifetime, all pho-
Pem(6) is simply the linear superposition of the parallel . .
(I.6=90°) and the perpendiculat (§=0°) case according tons that cqntr!bute to a cgrtaln pattern are selected by a
to threshold criterium and a histogram of the number of pho-
tons with a certain time delay relative to the exciting laser
Perd 6,d) =Sir?(0) Pepy(d) + cOZ(0) Py (d). (3)  pulse is generated. For the two molecules indicated in Fig. 1
. o . by “A” and “ B,” the respective histograms are presented in
F_|gure 2 shows Fhe va_\r|at_|on 'ﬁ.em. as a function of the Fig. 3. The fluorescence lifetimeis determined by an ex-
distance from a_d|e_lectr|c-d|electr|c mter_fa(_:e for the tyvo fun'ponential fit to the data, weighted with the appropriate sta-
damental polarizations:*® In close proximity to the inter- . =
face,_a digtinct difference b_etween fche tWO_ investigated ori- Figure 4 shows the fluorescence decay rate as a function
entatmn; is observed. Wh"e.e”‘(d) Is continuous for the of sir(6). This way of data representation is chosen because
dipole or!ented_ pa.raII.eI to the mterfgce, for the perpendlcularOf the resulting linear functional dependerisee Eq.(3)].
case a discontinuity is observed with The standard deviation in $#) is determined from the
2 Monte Carlo simulations. Two errors of the measured fluo-
iMa0-Pem, () = (4 rescence Iifetimes are taken into account quantitatively and
therefore contribute to the standard deviationrinrhe un-
At a distance of several wavelengths away from the interfaceertainty of the exponential fitsee Fig. 3 and the error
the respective bulk values are recovered. Since the measurgtroduced by the varying distance from the interface. The
ments reported in this paper were performed using fluoroeecay rate of parallel dipoles is considerably enhanced rela-
phores with arbitrary orientation, located in a 20 nm thick
polymer layer on top of a glass slide, this regime, exhibiting
a strong variation of decay rates with orientation is marked
in Fig. 2. It is clearly seen that a large differenceRp,, of 0.6 pwt[ns'1]=a + b sin(6)? +

a=0.203+0.012
b=0.226 + 0.016

limg_.o+Pem, (d) €1

€2

the different orientations is observed while the variations in
the lifetime of equally oriented chromophores due to differ- 0.57
ent distances from the interface is almost negligible.

In the lower part of Figl a typical pair of fluorescence
images obtained with our setup is shown. The characteristic
image patterns of single molecules are due to the interaction
of the absorption dipole moment of the Dil molecules with
the electric field distribution in the focus created by annular
illumination. Some molecules are aligned almost parallel to , , . , , ,
one of the main axes of the system, leading to patterns simi- 0.0 02 0.4 g6 08 1.0
lar to the theoretical patterns depicted in Figupper park sin(6)

The d?termlnatlon of the orientation Of the ab_sorptlon ql-FIG. 4. Fluorescence decay rate of Dil molecules in as a function &in
poles is based on the least-squares fitting routine describeghe straignt line is a linear fit to the data, the fitting parameters are indicated
above. in the graph.

0.2
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tive to the ones oriented perpendicular to the interface. Aounding matrix. Therefore these deviations deserve focused
linear fit to the data yields an enhanced rate of a perfectlattention in future studies since here effects on molecular

parallel dipole relative to a perpendicular one of dimensions can be measured by purely optical means.
p In conclusion, it has been shown that the major contri-
oy athb . o : e -
= =211+0.1 (5) bution to variations in the fluorescence lifetime of Dil in the
Prou a direct vicinity to a plane dielectric interface can be assigned

with the parametera andb of the linear fit as indicated in to orientational effects that lead to variations in the electro-
the inset of Fig. 4. It should be noted, though, that alreadynagnetic emission probability. Nevertheless, some other
inspection by eye suggests that there is a stronger deviatig#ntributions play a role as well to obtain a complete picture
of the data from the fit as it would be expected from theof fluorescence in nontrivial dielectric surroundings. It can

errors. Indeed, our set of experimental data and standard dee expected that future research on single molecules will
viations yields ay?=215. Assuming only normally distrib- give a detailed insight in these mechanisms.

uted errors the probabilit®) for obtaining ax< larger than We would like to thank L. Novotny for providing the

this value amounts to 162 ; o ittt . .
. . . . ._focal field distributions in annular illumination. Stimulating
Classical electromagnetism predicts a ratio of the radia-

tive decay rates of discussions Wlth. B Sick, W._ Trab(.esm.ger, and C.bHer
were very beneficial for our investigations. The work was
funded by the ETH Zrich.

PH,rad

=2.54. (6)
PJ_ ,rad
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