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3 
Nonradiative energy transfer 

3.1 Introduction 

One of the most important consequences of photonic band structures is that spon
taneous emission of excited atoms or molecules can be inhibited. ' Fluorescent dye 
molecules are very suitable to observe the influence of photonic band structure on 
the spontaneous emission because of their high quantum efficiency and ease of ex
citation. However fluorescent dyes are sensitive not only to the photonic band struc
ture, they are also affected by chemical interactions with their environment and they 
influence each other directly via nonradiative electromagnetic interactions when 
they are close together. The influence of the environment is particularly impor
tant; in fact organic dyes are utilized as sensitive probes for the chemistry of their 
surroundings.2 In an early study of spontaneous emission in photonic crystals, the 
dye was dissolved in the liquid medium between colloidal particles.3 Later it was 
recognized that chemical interactions of the dye with the particle surfaces lead to 
complications.4'5 

Arguably a cleaner way to study photonic effects is to shield the dye by incor
porating it inside colloidal particles, e.g. silica spheres,6 so the dye's environment 
is constant. Incorporating dye molecules in solids compared to liquid solutions is 
also attractive because of the increased photostability and fluorescence yield.7 In 
liquid solutions the quantum efficiencies of most organic dyes are strongly reduced 
when relatively low dye concentrations of ~ 10~4 M are exceeded. This concen
tration quenching or self-quenching effect is due to nonradiative energy transfer 
between dye molecules.8 The effect illustrates that it is crucial to identify the spec
troscopic properties of a dye in its environment before studying the photonic ef
fects. 

Another interest in dyed particles stems from colloid science. Van Blaaderen 
et al. synthesized silica colloids with dye incorporated.6 Such particles have made 
possible measurements of particle diffusion by fluorescence recovery after photo-
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bleaching,9 and direct imaging of dense colloidal structures by confocal fluores
cence microscopy.10 Nevertheless, several questions concerning the incorporation 
of dye inside colloids remain open, for example it is not clear whether the dye is 
dispersed homogeneously through the solid matrix of the colloids. A spectroscopic 
study is expected to give more insight. To elucidate how the dye is incorporated in 
the silica particles, we have studied the influence of the amount of labeling (the 
number density of dye molecules in a particle) on the spectroscopic properties. 

3.2 Experimental 

We studied fluorescein isothiocyanate (FITC) dye that is incorporated inside col
loidal silica spheres. FITC dye was chosen because it is suitable for fluorescence 
recovery and confocal microscopy studies.9'10 This fluorophore is often used for 
microscopy on biological samples. Many studies have investigated the spectral 
properties of this dye12 and its photostability when bound to cell components.13 

A series of colloidal dispersions was prepared following the synthesis of Stöber 
et al.,14 and modified as described by Van Blaaderen et al.6 to incorporate dye into 
the spheres. This procedure yields almost perfectly spherical particles with a nar
row size distribution. In this case the size polydispersity, determined by transmis
sion electron microscopy, was 6%. The final radii of the colloidal dispersions Fl to 
F5 are all approximately the same, only the dye concentration is doubled from one 
dispersion to the next, see table 3.1. The preparation is described in detail in ref. 15. 
After the synthesis, the spheres were resuspended in dimethylformamide (DMF), 
chosen to match the refractive index of the liquid to that of the particles, in order 

Table 3.1 Size of the silica spheres, as determined by transmission electron mi
croscopy and static light scattering, the concentration c of dye inside the particles, 
and the average distance between dye molecules R. 

System Radius ( nm) Dye concentration Intermolecular 
TEM SLS c(mM) separation R (nm) 

Fl 208 188 0.49 15.0 
F2 218 194 1.18 11.2 
F3 224 197 2.7 8.5 
F4 237 210 6.0 6.5 
F5 250 223 11.9 5.2 
F6 341 305 31. 3.8 
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to minimize scattering effects on absorption and fluorescence properties. Samples 
for the time-resolved fluorescence measurements were taken from the stock disper
sions and transferred to 0.4 mm thick glass capillaries (Vitro Dynamics). Decay 
curves were corrected for a weak long-lived luminescence from impurities in the 
glass of the capillaries. 

The labeling efficiency was determined by dissolving the particles in a NaOH 
solution, liberating the dye molecules, and measuring the absorbance of the result
ing transparent solutions compared to a calibration series, consisting of FITC dye 
dissolved in a mixture of NaOH solution and DMF. Absorption spectra were mea
sured on dilute suspensions in 1 cm glass cuvettes with a Shimadzu Spectronic 200 
UV double-beam spectrometer using DMF as a reference. Emission spectra were 
measured on the undiluted stock suspensions with a Bio-Rad FTS-60A Fourier-
Transform Spectrometer. The samples were contained in 2.5 cm diameter cylindri
cal flasks and illuminated by an argon ion laser. Excitation at 458, 476.5, or 488 nm 
wavelength gave identical spectra. Fluorescence was detected in backscattering, to 
minimize the inner filter effect. 

Time-resolved fluorescence curves were obtained using a time-correlated sin
gle photon counting technique,16 see Fig. 3.1. The dye in the sample is excited 
in the UV at a wavelength of around 320 nm by the second harmonic of a cavity-
dumped dye laser. This dye laser is synchroneously pumped by a mode-locked 
Nd3+:YAG laser, whose output is first pulse-compressed and frequency-doubled. 
The actively mode-locked Nd3+:YAG laser (Spectra Physics 3800) generates about 
12 W of output power in TEM00 mode at 1064 nm wavelength. When the laser is 
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Figure 3.1 Outline of the setup for time-resolved fluorescence measurements. 
PD: photodiode; ND: adjustable neutral density filter; SHG: second harmonic gen
erating crystal; F: color filters; L: lenses; P: power meter diode; MCP: micro 
channel plate detector. 
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mode-locked well, it produces pulses of 100-150 ps full width at half maximum 
(FWHM), as measured with a fast 25 GHz photodiode (New Focus). The pulses are 
shortened to 5 — 10 ps in a pulse compressor (Spectra Physics 3595) to achieve a 
high peak power for second harmonic generation. When properly aligned, the sys
tem wil generate up to 950 mW of 532 nm second harmonic output; at least 600 mW 
is required for reliable operation. Care should be taken to avoid Q-switching of the 
YAG laser as this may damage the second harmonic generating crystal. The sec
ond harmonic output is stabilized by deflecting part of the infrared YAG laser beam 
with an acousto-optic modulator in a servo loop. This reduces the fluctuations in 
the second harmonic intensity, at the price of a reduction in output power. The sec
ond harmonic output was stabilized at 400 mW to comfortably pump the dye laser. 
The synchronously mode-locked, cavity-dumped dye laser (Spectra Physics 3500) 
uses Kiton Red dye in the wavelength range 600 to 660 nm. The repetition rate of 
the cavity dumper was 80 kHz. The output of the dye laser is frequency doubled, 
resulting in an excitation beam of < 1 ps pulses with a wavelength of 320 nm and 
a beam diameter of 1 mm at the sample. The beam power was always less than 
1 uW. The sample was placed at an angle in order to prevent direct reflection from 
entering the detector. A Schott RG490 color filter removes the residual laser light. 
The fluorescence was detected at an angle of 90° to the excitation beam by a Hama-
matsu R3809U micro channel plate detector. By adjusting an aperture in front of 
the detector, we could maintain a maximum count rate of 12 kcounts/s. The signal 
from the detector is amplified and fed to a constant fraction discriminator (Tennelec 
TC454) and time to amplitude converter (TAC, Tennelec TC864). A photodiode 
monitors the dye laser output for triggering the TAC. The time difference between 
the excitation pulse and the micro channel plate detector signal is recorded by a 
multi-channel analyzer. The discriminator was modified to accommodate a short 
delay corresponding to the risetime of the detector pulses. The zero crossing level 
of the discriminator was carefully optimized for best time resolution. 

The instrument response of the setup is shown in Fig. 3.2. It consists of a main 
pulse and pre- and after-peaks at integer multiples of the dye laser round trip time 
of 12.3 ns. We achieve a suppression of pre- and afterpeaks compared to the main 
pulse of 1 : 250. The time resolution is 52 ± 3 ps FWHM, measured using scat
tered red light from the dye laser. The resolution is determined by the transit time 
spread of the micro channel plate detector, which is specified to be 24 ps, by the 
jitter of the discriminator due to fluctuations in the detector signal, and by noise of 
the multi channel analyzer since the gain setting of the TAC is relatively low. The 
dye laser generates pulses of sub-picosecond duration, and the jitter in the electron
ics is negligible: we have observed that the correlation between two photodiodes 
is only ~ 3 ps wide. 

To determine the effect of excitation intensity, a variable intensity filter was 
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Figure 3.2 Instrument response (time-resolved scattered red light from the dye 
laser), showing the main peak accompanied by pre- and after-peaks corresponding 
to the round trip time in the dye laser (above), and the full width at half maximum 
(enlargement, below). 

placed in front of the second harmonic generating crystal. Due to the frequency 
doubling process the intensity varied quadratically with variation of the attenua
tion. In order to measure the relative intensity of the excitation pulse a power meter 
was placed immediately behind the sample in the impinging beam. For the depo
larization measurements we placed 10 mm polarizing prisms in the excitation beam 
and in front of the detector to select polarizations parallel and perpendicular to the 
incoming beam. For spectrally resolved measurements we employed a Carl Leiss 
prism monochromator, calibrated using the spectral lines of a neon lamp. The re
solving power of the spectrometer is about 15 nm with the 1 mm slit widths used. 
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3.3 Results 

Absorption and emission spectra of a suspension of the F4 spheres are shown in 
Fig. 3.3. The spectra are slightly asymmetric. This is a usual phenomenon in ab
sorption and emission of FITC, both in solution and when bound to proteins.1718 

No evidence is found for a FITC dimer absorption peak.19 The spectra provide 
an excellent example of the Franck-Condon principle17: the emission spectrum is 
nearly a mirror image of the absorption. Both the absorption and the emission max
imum shift to longer wavelengths as the particles' dye content is increased. The 
shift is 10 nm in going from the lowest to the highest dye concentration; it is fully 
completed already at a dye concentration of 6 mM. The Stokes shift, the difference 
between absorption and emission maxima, is constant at 40 nm. 

The mechanism that causes the concentration dependent shift in the absorp
tion and fluorescence spectra reveals itself in the time dependence of the fluores
cence. If the shift is the result of self-quenching due to interactions between close 
pairs of dye molecules, then it should be accompanied by a reduction of the flu
orescence lifetimes. A high probability of energy transfer between dye molecules 
reduces the time that molecules remain in their excited state. In contrast, if quench
ing were only due to formation of nonfluorescent dimers then no change in lifetime 
would be expected since these dimers do not contribute to the signal. To discrimi
nate between these two situations, we have performed time-resolved fluorescence 
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Figure 3.3 Absorption and emission spectra (solid curves) of FITC-labeled silica 
spheres (designation F4) suspended in DMF The absorption spectrum is nearly a 
mirror image of the fluorescence (indicated by the dotted curve). The mirror wave
length is 520 nm. The nonzero baseline is due to extinction from scattering. 
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measurements. 
Time-resolved total (i.e. spectrally integrated) fluorescence curves are shown 

in Fig. 3.4. At long times t the slope of the time-resolved fluorescence curves agrees 
with a lifetime of 3.8 ns expected for a free FITC molecule.2 This long-time com
ponent probably corresponds to single FITC molecules in silica. With increasing 
dye concentration a fast component becomes more pronounced. In order to have a 
measure of the fluorescence lifetime, we determined the mean decay time (x) {i.e. 
the first moment) from the curves. We have plotted this mean lifetime in Fig. 3.5. It 
becomes rapidly smaller at higher dye contents, indicating the appearance of faster 
relaxation pathways. The change in time-dependence reveals that the concentra
tion effect is caused by self-quenching of closely spaced molecules, as opposed to 
the formation of nonfluorescent dimers. 

We can estimate the rate of energy transfer «D->A between donor and acceptor 
molecules using the following expression due to Förster20 : 

«D-4A 
1 

TO R 
(3.1) 

Here TQ is the reciprocal of the rate constant for spontaneous emission of the donor, 

Increasing 

dye concentration 

10 15 
Time (ns) 

Figure 3.4 Time-resolved fluorescence of various concentrations of FITC dye in
side colloidal silica spheres. The curves have been offset for clarity. The dye con
centration in the spheres increases from bottom to top. The straight line indicates 
a single exponential with a lifetime of 3.8 ns. The dotted curve corresponds to Eq. 
3.3 with maximum curvature. Clearly the curvature is insufficient to account for 
the data. 
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Figure 3.5 Mean fluorescence lifetime as a function of the average intermolecular 
distance of FITC molecules in the spheres. The lifetimes were obtained from the 
experimental data in Fig. 3.4. The curve is an energy transfer model with a critical 
Förster distance of'6.0 nm and a lifetime of 3.8 ns. 

R is the distance between donor and acceptor and R0 is the critical Förster distance 
-the distance at which half of the donors is deactivated by resonant energy transfer 
to an acceptor, which is about 5.0 nm for fluorescein.17 For the average distance be
tween dye molecules in the particles, we used R = c - 1 /3 , where c is the number of 
molecules per unit volume. This distance is on the order of the critical Förster dis
tance for energy transfer in the more heavily doped samples, therefore quenching 
effects are to be expected. Adding rate constants, we find that the dependence of the 
mean lifetime (x) on the intermolecular distance is given by l/(x) = 1/xo + nD^A. 
A reasonable fit is obtained for x0 = 3.8 ns and R0 = 6.0 nm, as shown in Fig. 3.5. 

We have separately measured the fluorescence polarized parallel and perpen
dicular to the polarization of the light that excites the dye. The measured paral
lel and perpendicular components showed no detectable difference in time depen
dence, so the method did not allow observation of depolarization due to energy 
transfer. If there is energy transfer between molecules then one expects a decrease 
in fluorescence polarization with increased dye concentration. When a molecule is 
excited in a certain polarization direction it will preferentially emit with this same 
polarization. However, when the excitation is transferred to acceptors with a dif
ferent orientation than the donor molecule, then the fluorescence becomes depolar
ized. Therefore, the difference in time dependence between fluorescence detected 
parallel or perpendicular to the polarization direction of the excitation beam would 
in principle provide information on the energy transfer process. 
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We can exclude Mie resonances and cooperat ive effects be tween spheres due 
to scattering5 as a reason for the departure from single-exponential decay in Fig 3.4. 
In our case the refractive index difference be tween the spheres and the suspension 
liquid was much too small . As an extra test we measured the decay curves of spheres 
suspended in water, where the index difference is much larger. Al though care had 
to be taken to prevent excessive leaching of the dye due to hydrolysis of the outer 
layers of the silica spheres, it was found that the decay was the same. 

3.4 Quenching models 

We have at tempted to describe the fluorescence decay curves by three different mod
els: quenching of excitat ions at the sphere ' s surface, a fractal distribution of dye 
molecules , and mutual annihilation of excitat ions. 

In the first model , the excitations migrate diffusively through the sphere but are 
complete ly quenched when they reach the surface. Assuming an initially homoge
neous density u(r,t) of excited molecules , the decay is descr ibed by the diffusion 
equation 

+Z)V 2 w = + D [ — + - — ) U (3.2) 
dt To to \dr2 rdr/ 

with boundary condi t ions u(Rs,t) = 0 and u(r,0) = UQ. Here , D = / ? D ^ A / ? Q / 6 is 
the effective diffusion coefficient, and R$ is the radius of the sphere. The solution 
of Eq. 3.2 is integrated over the sphere ' s vo lume to obtain the total fluorescence: 

I(t) = u0^ £ "2 e x P H A b - n\2Dt/R2
s) (3.3) 

Only the lower eigenmodes of the diffusion equation contribute appreciably. The 
formula clearly shows the competition between the spontaneous emission and the 
quenching at the surface. Unfortunately, Eq. 3.3 does not describe the data in Fig. 
3.4 very well, as is illustrated by the dotted curve in the figure. The curvature of the 
line has been set to the extreme by adjusting the diffusion and emission timescales. 
Even so the curvature is insufficient to describe the experimental results, in par
ticular at high dye concentrations. Also, the probability of an excitation reaching 
the sphere's surface is very small: according to the energy transfer rates «D^A cal
culated before, the excitations in the most heavily doped sample can migrate an 
average of only 5.5 steps of RQ ~ 5 nm before it decays radiatively. The traversed 
distance is much smaller than the size of the spheres: the radiative rate in the leading 
order term in Eq. 3.3 is three orders of magnitude larger than the surface quenching 
rate. This separation is even larger for the other samples. We conclude, therefore, 
that surface quenching does not play an important role in the quenching process. 
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Secondly, we tried to fit the time-resolved fluorescence curves to a model of 
Klafter and Blumen21'22 describing the decay of an excited donor in the presence 
of acceptors which are randomly distributed on a fractal of Hausdorff dimension d: 

I(t)=I0exV(-t /x0 -P(t A o ) ^ ) , (3.4) 

with s the order of the molecular interaction (s = 6 for the usual Förster dipole-
dipole mechanism) and P a fitting constant which should be proportional to the ac
ceptor concentration. For integral dimensions Eq. 3.4 reduces to familiar results of 
Förster.23 The data of Fig. 3.4 could be fitted very well with Eq. 3.4, but the fit 
resulted in low values of d, between 0.3 and 1.5. Such low values for d are unre
alistic; usually d is roughly between 1.5 and 3.21-22.24 

A third model is to assume quenching by annihilation of excitations (singlet-
singlet annihilation). In a system where rapid migration homogenizes the density 
of the excitations the corresponding rate equation is25 

du u 9 — = KM2, (3.5) 
dt To 

where K is the rate constant of the second order process. Solving this equation re
sults in 

— - = (KT0 + —) exp(?/t0) - KT0. (3.6) 
U{t) UQ 
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Figure 3.6 Time-resolved fluorescence curves of the sample with the highest dye 
content (31 mM, F6, up triangle), and the influence of lowering the excitation 
power by a factor of 2 (o) and 6 (V). The inset shows a fit of the excitation an
nihilation model Eq. 3.5 to these data. 
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Figure 3.7 Time-resolved emission of 2.1 mM dye inside colloidal silica spheres 
(with designation F3), spectrally resolved on the blue side (left) and red side 
(shifted right) of the dye's emission maximum. Clearly the influence of the energy 
transfer process is most pronounced at the blue side of the spectrum. The vertical 
distance between the curves reflects the shape of the emission spectrum, i.e. the 
curves have not been offset, in order to show the relative importance of the various 
spectral contributions to the total fluorescence. The straight line (dotted) corre
sponds to a single exponential with a lifetime of 3.8 ns. 

If we fit this to our measurements on the most heavily doped sample (Fig. 3.6, in
set), we obtain a reasonable fit for 1/T0 = 0.29 ns"1 and K = 2.3 ± 0.3 ns - 1 . Thus, 
the coefficient of the second order process is an order of magnitude greater than that 
of the first order process. If this model describes the situation well then the shape 
of the decay curve should depend strongly on the initial excitation density UQ. If UQ 
is lowered then the probability that two excitations meet is lowered and the decay 
curve should look more like a single-exponential process. We verified this by de
creasing the excitation intensity by a factor of 2 and 6, respectively. The resulting 
decay curves in Fig. 3.6, however, did not change at all, making singlet-singlet an
nihilation an unlikely explanation. Alternatively, intensity-independent decay can 
sometimes be produced by singlet-triplet annihilation. Since triplet states are effi
cient quenchers and long-lived (longer than our pulse separation) they could build 
up from pulse to pulse until a steady state is reached.26 However, the intensity in 
our experiments was far too low to create enough triplets for such a process: We 
have at most 2 x 107 photons/pulse, whereas the number of spheres in the beam is 
~ 107. Thus, there cannot be more than a few excitations per particle of which only 
a small fraction ( 1/1000th) are triplets. 
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Thus, none of these quite diverse quenching models explain the data very well. 
Since all the models assume a homogeneous distribution of FITC molecules this 
could be an indication that the distribution is not homogeneous. Possibly the dye 
molecules have a tendency to be incorporated into the spheres in clusters where 
there is rapid energy transfer. 

To investigate the clustering of dye molecules inside the silica, we have mea
sured time-resolved fluorescence at various wavelengths in the dye's emission spec
trum, motivated by the concentration dependent shift of the emission spectra. This 
shift suggests that the clusters have different emission wavelengths than isolated 
dye molecules. If the time dependence of fluorescence from the clusters also dif
fers from that of the isolated molecules, then the time dependence of the fluores
cence will vary with wavelength. This would give an indication of the origin of the 
shape of the time-resolved fluorescence curves in Fig. 3.4. Time-resolved fluores
cence curves of the F3 silica spheres are shown in Fig. 3.7. At the long wavelength 
side of the emission, the fluorescence curves are all very similar. In contrast, on 
the short wavelength side the curves start to bend: the initial decay is much faster 
(almost a factor of two) and a significant long time tail develops, even though the 
dye concentration inside the silica is only moderately high, 2.7 mM. The substan
tial bending of the fluorescence curves changes the emission spectrum only slightly 
because the tail does not contribute much to the total fluorescence yield. The bend
ing occurs precisely at the side of the emission spectrum which overlaps most with 
the absorption band, see Fig. 3.3. The rate of nonradiative transfer, or equivalently 
the transfer distance Ro, increases with this overlap, resulting in steeper curves at 
short wavelengths in Fig. 3.7. To clarify the origin of the long time part of these 
curves, we have examined the data in Fig. 3.7 from a different perspective. In Fig. 
3.8 we have plotted spectra at different instants after excitation. Initially the spectra 
shift to the red as time passes, but later on a sizeable blue component becomes vis
ible.27 The initial redshift can be explained by the enhanced nonradiative transfer 
due to spectral overlap of the absorption and emission bands. The observed blue 
component could be due to fluorescence from clusters of dye molecules. However 
it is not clear how the appearance of a blue component due to clustering can be re
conciled with the observed redshift of the emission spectrum with increasing dye 
concentration. 

3.5 Conclusions 

We have studied the influence of the number density of dye molecules on the spec
troscopic properties of fluorescein isothiocyanate (FITC) dye that is incorporated 
inside colloidal silica spheres. A redshift of 10 nm occurred in the absorption and 
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fluorescence spectra on traversing the concentration range 0.5 to 5 mM (inside sil
ica). Simultaneously, the fluorescence lifetimes of the dye were strongly reduced, 
pointing to energy transfer taking place between dye molecules. The fluorescence 
decay curves could not be described satisfactorily with models involving second-
order processes, or surface quenching, or a fractal distribution of dye molecules. A 
possible explanation is that the FITC molecules are not distributed homogeneously, 
but form clusters with intermolecular distances of less than the Förster distance. 
Such cluster formation would explain why quenching effects are observed already 
at low dye concentrations, and it is in agreement with spectrally resolved fluores
cence decay measurements. 

These findings have consequences for the use of dye-labeled silica particles 
with various experimental techniques. In the study of multiple scattering and pho
tonic band structure effects, energy transfer effects within the spheres are intolera
ble so low dye concentrations are essential. Our results indicate that dye concen
trations should not be higher than 1 mM. We have specially prepared silica spheres 
doped with a suitably low dye content to study photonic effects. The synthesis of 
these colloids is described in the next chapter. 
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Figure 3.8 Emission spectra of the F3 silica spheres, at different instants after 
excitation. The data have been obtained by integrating the curves in Fig. 3.7 over 
successive 6 ns long intervals. The spectra have been normalized to the area ob
servable in the plot.21 The curves are splines, serving as guides to the eye. 
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