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Abstract: We study the lifetime of two common fluorescent dye
molecules from the Alexa Fluor NHS Ester family dissolved in water
in an opaque aqueous dispersion of dielectric polystyrene nanoparticles.
We investigate the role of the dispersion composition by varying the
particle concentration and adding SDS (sodium dodecyl sulfate) surfactant
molecules. The observed strong changes in lifetime of Alexa 430 can be
attributed to the relative contribution of radiative and non-radiative decay
channels while the lifetime of the Alexa 488 dye depends only weakly on
the sample composition. For Alexa 430, a dye with a rather low quantum
yield in aqueous solution, the addition of polystyrene nanoparticles leads
to a significant enhancement in quantum yield and an associated increase
of the fluorescent lifetime by up to 55 %. We speculate that the increased
quantum yield can be attributed to the hydrophobic effect on the structure of
water in the boundary layer around the polystyrene particles in suspension.
Adding SDS acts as a quencher. Over a range of particle concentrations the
particle induced increase of the lifetime can be completely compensated by
adding SDS.
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Due to the lower refractive index of the silica particles suspended in water the scattering mean free path is always
larger than sample thickness both for the incident and the emission wavelength and over the range of particle
concentrations studied [33,34]. The light collection efficiency is thus not affected by multiple scattering of light.
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1. Introduction

One of the most important questions in nano-optics and molecular imaging applications is how
a point source (such as a fluorescent dye molecule) emits in a complex dielectric environment.
This questions lies at the heart of modern quantum optics and it is important for many appli-
cations ranging from laser technology [1] to single photon sources [2], solar cells [3] and all
varieties of fluorescence spectroscopy and imaging microscopy [4]. A detailed understanding
of this question is of paramount importance in the development of molecular imaging tech-
niques in life sciences. For example FLIM (fluorescence lifetime imaging microscopy) exploits
the fact that a fluorescent molecule has a different lifetime depending on its dielectric environ-
ment [4]. Moreover, by an appropriate design of the microenvironment, it will be possible to
tune photon states in order to enhance or filter photonic signals. Tailoring the local density of
states can for example be used to shape the absorption and emission spectrum of a fluorophore
or to enhance fluorescence resonant energy transfer (FRET) by photonic band gap engineering
as shown in [5, 6] . Understanding the fluorescent decay in a complex and well controlled di-
electric environment is therefore of great importance.

In the present work we study the lifetime of two common fluorescent dye molecules from the
Alexa Fluor NHS Ester family dissolved in water in an opaque aqueous dispersion of dielec-
tric polystyrene nanoparticles. We investigate the role of the dispersion composition by varying
the particle concentration and adding SDS (sodium dodecyl sulfate) surfactant molecules. In-
terestingly, we find a significant composition dependence of the fluorescent lifetime for only
one of the dyes studied, namely Alexa 430, while the lifetime of the Alexa 488 dye depends
only weakly on the sample composition. We show that the observed strong changes in lifetime
of Alexa 430 can be attributed to the relative contribution of radiative and non-radiative decay
channels. For Alexa 430, a dye with a rather low quantum yield in aqueous solution at neutral
pH [7], the addition of particles leads to an increase in quantum yield which is associated with
an increase of the fluorescent lifetime by a corresponding factor of approximately 1.5. We argue
that the increased quantum yield can be attributed to the boundary layer around the hydrophobic
polystyrene particles in suspension. Adding SDS acts as a quencher. Over a range of particle
concentrations the particle induced increase of the lifetime can be completely compensated by
adding SDS.

2. Materials and Methods

We prepare a concentration series of polystyrene particles, diameter 2R = 130nm, dispersed
in water. The beads we use are commercially available surfactant free negatively charged
polystyrene latex spheres (BangsLabs, USA), polydispersity 5%, and the concentrations is var-
ied from 0.3 to 10 vol% in small steps. The particle refractive index is n, ~ 1.59 at the emission
wavelength of A ~ 500nm and the refractive index of water is ny ~ 1.33. At these concentra-
tions the samples appear translucent to highly opaque. As a control we also prepare suspensions
of monodisperse negatively charged silica (SiO;) particles (Microparticles GmbH, Germany),
diameter 136 nm and polydispersity 3%, over the same concentration range [8]. We study the
lifetime of two standard dye molecules from the Alexa Fluor family: Alexa Fluor 430 NHS
Ester (succinimidyl ester) and Alexa Fluor 488 NHS Ester (Molecular Probes, Life Technolo-
gies, USA) [9]. Both dye molecules are anionic and are thus repelled from the surface of the
nanoparticles. Alexa 430 shows an absorption maximum at A, = 434nm and emission maxi-
mum at A, = 541nm. Alexa 488 shows an absorption maximum at A, = 495nm and emission
maximum at A, = 519nm. We set the dye concentration such that the ratio between particles and
dye molecules is 1 : 10 at two reference points ¢ = 5% (N/V =5.53 x 10'* /cm3 ~ 1umol) and
¢ =10% (N/V = 11.06 x 10'* /cm? ~ 2umol)) where N denotes the number density of the dye
molecules. The dye concentration is chosen sufficiently low to avoid repeated reabsorption and
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Fig. 1. (a) Sketch of the experimental setup. The lifetime of the dye molecules in a concen-
trated suspensions of dielectric particles is determined using a custom made two-photon
microscope setup combined with a time correlated single photon counting (TCSPC) board.
The near infrared fs pulsed laser light A; ~ 900nm is focused inside the sample and the
emitted fluorescence is detected using a hybrid photo-detector module (HPD). (b) Time-
resolved fluorescence of the dye Alexa 430 dissolved in water at neutral pH (decay time
in the pure solvent 7, = 3.19ns) (c) Time-resolved fluorescence of the dye Alexa 430 in a
suspension of polystyrene particle concentration of ¢ =4.8% (decay time T = 4.75ns). The
acquisition time has been set to 60s in both cases. The TCSPC data is fitted with a stretched
exponential function (F (t) = Fy +Ae= /D )10 verify that the decay is single exponential.

emission which might otherwise influence the measured lifetime [10]. Moreover the spectral
overlap between emission and absorption is low for Alexa 430, which is the more interesting
dye studied in this work.

We dilute the stock suspension with aqueous dye solution keeping the dye concentration
constant between 0 < ¢ < 5% and 1% < ¢ < 10%. All measurements are performed at neutral
pH~ 7.2. For the Alexa 430 dye we also study the influence of adding controlled amounts of
the common surfactant SDS. For the other dye, Alexa 488, the addition of SDS does not show
any detectable influence on the lifetime. We have verified that the decay characteristics of both
dyes in suspension remain unaffected by the addition of 1 mM NacCl. This is an important result
as it shows that screening correlations and interactions between the negatively charged dyes and
the equally charged colloidal particles does not influence the results reported here. The sam-
ples are contained between two coverslips sealed with an imaging spacer (Secure Seal imaging
spacer, Grace Bio-Labs Inc.) of 120 um thickness. Both dyes are excited via two photon absorp-
tion with a Coherent Mira 900 fs laser system operating at a mean wavelength of A4, ~ 900nm
and a 80MHz repetition rate. The laser pulses are focused with an Olympus XLUMPIlanFI
20X objective (NA=0.95) 50 um below the glass surface. The emitted epifluorescence light
is collected via a dichroic mirror followed by a heat-protection filter (Calflex-CTM, QiOptiq
Photonics SAS) to remove the bleed-through of IR excitation light. We then select the emis-
sion wavelength of the dye with a set of emission filters (543/22 nm BrightLine single-band
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bandpass filter, 520/35 nm BrightLine single-band bandpass filter Semrock Inc.) and a relay
optics is used to focus the light onto an after-pulsing free hybrid-single photon detector (HPM
100-40 Becker & Hickl, Germany). The decay time is recorded using a time correlated single
photon counting (TCSPC) PCI-board (SPC-150, Becker & Hickl, Germany). The accessible
time window for the TCSPC is limited to 12.5ns by the repetition rate of the fs-pulsed laser
(80MHz).The excitation power for each series of measurements at constant dye concentrations
is set after scanning the emitted fluorescence intensity for increasing laser powers, in order to
avoid saturation effects. A sketch of the experimental setup is shown in Fig. 1(a). In Fig. 1(b)
and Fig. 1(c) we show the change of fluorescent lifetime for the Alexa 430 dye molecules with-
out and with the addition of the polystyrene spheres (at a concentration of ¢ = 4.8%). For a
given dye concentration all the measurements are performed with the same acquisition param-
eters (Time to Amplitude Converter (TAC) gain and range, acquisition time) and the same laser
power. To avoid effects due to fluorescence depolarization of the dye, the polarization plane of
the excitation laser is oriented 45° from the vertical plane. With the laser at 45° the detection ef-
ficiency for the two components of the emitted fluorescence, parallel and orthogonal, is almost
balanced and thus our measurements approximately yield the decay function for unpolarized
illumination [11].

The measured time-resolved data F(r) from each sample correspond to the convolution
of the intrinsic fluorescence signal S(¢) with the internal response function IRF (¢) : F(t) =
S(¢) * IRF (). The internal response function /RF (¢) represents the distortions in the detected
time-resolved dynamics due to the response of the electronics, the optics, and the finite tem-
poral profile of the excitation pulse. The internal response function is obtained by measuring
independently the decay curve from two different strongly scattering suspensions (polystyrene
microspheres, diameter 130 nm, at volume fraction ¢ = 10% and silica microspheres, diameter
136nm at ¢ = 12% ) replacing the emission band pass filter with an ND filter, to attenuate the
light intensity detected by the HPD. The fluorescence decay data are fitted using two different
methods. We first use the decay fitting software of the TCSPC card (SPCImage v.4.9, Becker
& Hickl, Germany) to extract the decay time 7 (see also [12]). We then compare the fluores-
cence lifetime data with a custom made fitting routine that corrects for background and the
contribution of the internal response function. To this end the experimental data is fitted using
a stretched exponential function F (1) = Fy 4+ Ae~ /%, Here the parameter g allows us to see
whether or not the decays are single exponential [13]. Both fitting approaches give the same
results within the experimental error of a few per cent.

3. Results

For the Alexa 488 dye we observe only a small influence of the dispersed particles as shown in
Fig. 2(a): the lifetime decreases monotonically by a few per cent with increasing concentration
up to 10%. For the Alexa 430 however the lifetime displays a rich dependence on both particle
concentration and on the addition of SDS surfactant. We also verified for all cases that the dye
molecules do not irreversibly adsorb to the particle surface by spinning down the particles in a
centrifuge and measuring the intensity and lifetime in the supernatant and the sediment. This
is an important result as it shows that in our experiments the dye does not attach to the parti-
cle surface as it was claimed to be the case [10] in the context of a previous study of lifetime
measurements in polystyrene nanoparticle suspensions using the anionic dye Kiton Red S.

In the absence of SDS the lifetime increases and asymptotically reaches a constant value,
Fig. 2(a). Adding SDS to moderately dense dispersion acts as a quencher and drives the life-
time back towards the initial state as shown in Fig. 3. For a fixed SDS concentration the curve
is thus shifted and the onset of the lifetime-increase is delayed. In both case the initial increase
is linear and then saturates at Ty, /T; ~ 1.55. Overall the transition from the linear to the sat-
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urated regime is well described by a hyperbolical tan-function. We note that the results for the
two different dye concentrations perfectly collapse on the same curve which confirms that con-
tributions due to reabsorption and remission are negligible for Alexa 430. In Fig. 2(b) we report
the measured count rates / normalized by the count rate of the dye in pure water /. In general,
a quantitative analysis and interpretation of the count rate is more difficult due to the increased
noise and the varying levels of background. Moreover we are not able to quantitatively pre-
dict the changes in collection efficiency due to scattering and the possible differences related
to the exact positioning of the sample. Nonetheless we observe that the count rate measure-
ments Fig. 2(b) follow a very similar trend as compared to the lifetime measurements shown in
Fig. 2(a). The concentration dependence for the case of Alexa 488 is weak whereas the count
rate increases substantially for Alexa 430.

16 T T T T K T T T

(@)

O , O Alexa430SDS free |
m  Alexa 430 SDS 1 mM
& Alexa 488 SDS free

¢ - volume fraction polystyrene particles [%]

Fig. 2. (a) Measured lifetime normalized to value in pure water (Alexa 488: 7, = 4.1ns,
Alexa 430: 7, = 3.19ns) for different sample compositions. The solid lines are empirical
fits to the data with 7(¢)/7s = a-tanh[(¢ — @) /W] + 1, @ = Tyax/Ts — 1. Alexa 430 SDS
free: a = 0.56,w = 3.8% and ¢y = 0, Alexa 430 SDS ImM: a = 0.55,w = 3.07% and
¢o = 1.68%. The dotted lines show the linear expansion of the fit 7(¢)/7; >~ 1+ (a/w)¢
at low concentrations. The dashed line is derived from the empty spherical cavity (ESC)
model as explained in the text. (b) Measured count rates / normalized to value in pure water
I, for the same samples as in (a). Solids lines are calculated from I(¢) /I, = 1.25-1(¢)/ns
(for details see text).

4. Discussion

Our experiments show that two common dyes can react differently to the addition of scattering
dielectric polystyrene particles and SDS although other parameters are kept unchanged. For an
interpretation of the observed behavior we first recall the mechanism that may influence the
decay rate of a dye molecule from an excited to a relaxed state via radiative and non-radiative
pathways. The relative importance of non-radiative processes can be measured by the decrease
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Fig. 3. Quenching of fluorescence by adding SDS dye solutions at two different nanoparti-
cle concentrations ¢. Relative changes in fluorescent count rates (full squares) and lifetimes
(full circles) of Alexa 430 fluorophores. Solids lines: Eq.(4) and Eq.(5) for (a) ¢ = 2.3%
with quenching constants K; = 0.17 mM~! and K; = 0.16 mM~! and (b) ¢ = 4.8% with
quenching constants K; = 0.037 mM~! and Ky = 0.11 mM~!.

in the quantum yield 1. The fluorescence quantum yield 1 of a dye molecule is defined by the
ratio of the emitted photons and the absorbed photons. We can also express it as a function of
the decay rates I': [14, 15]

n :Fr/(rr+rnr) (1)

In practice the actual relaxation of a single molecule embedded in medium results from both
radiative and non-radiative process:

=1/, +T,) @

The quantum yield tends towards one as the non-radiative decay rate tends zero [16]. We can
express the measured lifetime as follows:

Tf:nF;I (3)

Changes in the fluorescent lifetime are often associated with changes in the non-radiative
decay rate and thus the quantum yield. Indeed the local environment can profoundly alter the
availability of non-radiative decay pathways. This can be easily seen in Fig. 3 where the ad-
dition of SDS molecules acts as a quencher. A well-known quenching mechanism upon the
addition of molecules is the so called collisional quenching. Through diffusive encounters the
fluorophore is returned to its ground state as a non-radiative decay pathway (dynamic quench-
ing). A competing mechanism is the inactivation of the fluorophore by complex formation with
the quencher molecule (static quenching). The probability for both is proportional to the con-
centration of added quencher molecules. Since the lifetime only depends on dynamic quenching
both processes can be distinguished by analyzing the lifetime and the measured count rate:

Ip—o

10) ~ [1+Kq-[Q)] +[1 + K- [Q]] @)
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T0=0
7(Q)

,where K is the dynamic and Kj the static quenching constant. [Q] is the concentration of SDS.
Our results show that SDS acts as a mixed static and dynamic quencher with quenching con-
stants given in the caption of Fig. 3.

We now return to the discussion of fluorescent lifetime in the SDS-free suspensions. While
the dependence of the radiative decay rate I', to the local environment of an excited emitter
are often small, they can, in some particular cases, become very important. On a fundamental
level the link between the quantum emission process and the environment is established via
Fermi’s golden rule which states that the transition probability, or the radiative decay rate I,
is directly proportional to the local density of final states (LDOS) at the emitted photon energy
hv [17]. Dielectric or metal structures under resonant conditions thus can efficiently suppress
or enhance the emission rate [14, 18, 19]. The influence of well-defined geometrical structures
on the decay rate has been studied in detail over the last decades addressing the situation for
single emitters near metallic surfaces, close to tips or nanoantennas [18-21]. In some cases the
radiative decay rate can even become zero, such as for example inside a full gap of a photonic
crystal [22-24].

In the absence of resonant plasmonic or photonic effects changes in the radiative decay rate
are continuous and can be expressed in terms of a single parameter, the refractive index n of
the dielectric environment. To establish a basis for the further discussion we first analyze this
contribution to changes of the decay time, which, as we will see, is relatively small. Differ-
ent theoretical models have been suggested and a comprehensive review and discussion can be
found in ref. [25]. Here we apply the empty spherical cavity model (ESC) for dipolar emission
which should be a fairly good approximation for our case. The basic idea is to place the emit-
ter in a small empty volume and solve the respective equations (Fermi’s golden rule) for the
emission into a dielectric with refractive index n (for details see [25]). The model predicts

=[14+K;-[0Q]] (5)

I, = (3n%)%/(2n +1)*nly (6)

,where I'y is the radiative decay rate in vacuum (n=1) also called the natural decay rate. From
Eq. (6) we conclude that an increase of the refractive index always leads to an increase of I,
or a decrease of 7. For example when the refractive index changes from n = 1.33 (water) to
n = 1.4 the lifetime is expected to decrease by a mere 9%, a relatively modest effect. It is thus
obvious that the ESC-model can only describe one of the experimental data sets shown in Fig. 2.
Indeed Eq. (6) is found in fairly good agreement with the experimental data for Alexa 488 if we
assume a mean refractive index of the dispersion given by the Bruggemann mixing rule [26].
The refractive index of the polystyrene particles is nps = 1.59 and the refractive index of water
ng,0 = 1.33. The decrease of the fluorescent lifetime in Alex 488 can thus be explained by a
trivial increase of the effective refractive index of the surrounding dielectric material.

In this context it is worth to recall again that the strong multiple scattering of light renders
the dispersion highly opaque. It has been claimed that in this regime the electric field radi-
ated by the dye molecules and the scattered field from the dielectric spheres interfere leading
to significant oscillations of 7(¢) as reported in the work from Martorell and Lawandy from
1991 [27]. However, the validity of these results has been questioned in [10]. Although the op-
tical properties, particle size and density are comparable in our experiments we do not observe
any evidence for such an effect. Moreover recent theoretical and experimental studies suggest
that a much higher refractive index contrast is needed to induce interference effects on the flu-
orescent lifetime [28—31]. Our most strongly scattering sample has a particle volume fraction
of about 10%. The scattering mean free path of this rather dense sample is / ~ 40um and thus
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kl ~ 630 as calculated from Mie theory for an emission wavelength of A ~ 530nm and a cor-
responding wavenumber (in water) k = 27ng/A = 15.8/um [34]. Therefore, in our samples, k/
is always more than one order of magnitude larger than for the weak scattering case (kl ~ 24)
studied in reference [30] for a solid sample. For the latter case a distribution of decay rates with
a standard deviation of approximately 11% has been reported. In our experiments we record
an ensemble average of decay rates in a liquid environment and due to the limited dynamic
range of our experiment (see Fig. 1) we are not able to detect the small effect on the stretching
parameter g that could be associated with a narrow distribution of lifetimes.

The question remains: what are the underlying mechanisms leading to the strong increase of
the lifetime for the case of Alexa 430 while the lifetime of Alexa 488 depends only weakly on
the particle concentration ? Both dyes are carboxylic acid (negatively charged), succinimidyl
esters and amine reactive that hydrolyze into the nonreactive free acid in aqueous solutions [32].
However, the two dyes differ markedly in their fluorescence quantum yield. While Alexa 488
has an approximate quantum yield of nearly 100% in pure water at neutral pH, the quantum
yield of Alexa 430 is only about 65% [4,7,9]. This strongly suggests that the addition of the
particles lead to an increase in quantum yield for the Alexa 430 emission. We can estimate
an upper limit for such an increase based on Eq. (4). If we assume that I, ! remains constant
and 1n; ~ 0.65 — M, = 1 we expect a maximal increase of the lifetime by a factor 1.55. This
value exactly matches the observed increase in the lifetime 7. The accompanying increase in the
measured count rate is a bit more pronounced than expected from //I; ~ 1 /1, (see also Eq. (4))
but this additional enhancement can be attributed, at least partly, to changes in collection effi-
ciency of the emitted light due to scattering. In a turbid sample a significant amount of scattered
light, not captured directly by the imaging the focal volume, can still be collected. As matter of
fact we observe an initial increase of the count rates for all data sets by about 25% as the sample
becomes highly turbid already at low concentrations. From a Mie scattering calculation we find
that the scattering mean free path (I; ~ 1/¢) for the emitted light /; drops below the sample
cell thickness for concentrations above 2% [33, 34]. We thus expect the collection efficiency
to increase quickly and then to saturate for ¢ > 2%. We also note that scattering losses in the
incident NIR beam are negligible since the scattering length in this spectral range is always
large compared to the depth of the focal plane. The subsequent increase is fairly well described
by 1(¢)/I; = 1.25-1n(¢)/ns, as shown in Fig. 2(b), although some discrepancies remain for the
SDS free case. Here we have calculated the quantum yield 11(¢) from Eq. (4) using the experi-
mental data for 7/(¢) and I'; ! from Eq. (6). From the previous discussion we can conclude that
changes in lifetime are controlled by a (small) change of the radiative decay rate due to change
of the average refractive index and a substantial change of the quantum yield 1 of Alexa 430
upon the addition of polystyrene particles.

Next we address in more detail the role played by the polystyrene particles. As shown
in Fig. 2 the initial increase of the lifetime scales linearly with the particle concentration
of 7(¢) ~ ¢. Since the particles are very large compared to the dye molecules we have to
consider interactions between the molecules and the particle surface. To this end we can at-
tribute a corona of thickness d to each particle, a sketched in Fig. 4. Dye molecules within
this corona are sufficiently close and will be influenced by the vicinity to the particle surface.
We assume that the lifetime scales with the part of the total sample volume ¢ affected and we
can write 7(9)/T; = 1+ @(9)(Tmax/Ts — 1). For simplicity we neglect the volume occupied by
the particles themselves in the limit ¢ < ¢ and obtain ¢@(¢) = ¢(1 +d/R)>. By comparison
with the fit shown in Fig. 2(a) we can immediately identify 7(¢)/7, ~ 1 + (a/w)¢ and thus
1/w= (1+d/R)* ~26.3 and therefore d ~ 2R ~ 130nm. For large concentrations the corona
of different particles overlap and thus for ¢ > w the quantum yield and lifetime saturate. In
principle, based on this model, one would expect that different dye populations contribute to a
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Fig. 4. The fluorescent properties of dye molecules located in the vicinity of hydrophobic
polystyrene particles are modified leading to an increased quantum efficiency 7. The sketch
shows the polystyrene particle and the shaded corona of thickness d as an indication for the
effective range of the hydrophobic interactions. The dye molecules are shown as the small
objects. At high particle densities the coronas will overlap and the increase in 1 saturates
as observed in the experiment, Fig. 2.

spectrum of decay times leading to a stretched-exponential decay. In the experiment however
we always observe a nearly single exponential decay with a stretching exponent g = 1 £0.01.
We have thus simulated the effect of a double exponential decay with 7; and 7, = 1.57; as well
as a continuous distribution between 7; and 7. Indeed we find that, over the limited range ac-
cessible in our experiment, we cannot resolve the contribution of the two relaxation processes
within experimental error.

The mechanism for the strong and long range interactions between the polystyrene particle
surface and the dye molecule, we speculate, can be attributed to the hydrophobic effect. As
mentioned earlier we have verified that the dye molecules do not adsorb to the particle surface.
As a consequence the observed change in lifetime has to be mediated by the solvent, in the SDS
free case pure water. Hydrophobic interfaces are known to have a strong influence on the state
and structure of water in a boundary layer of several tens of nanometers. Tarasevich et al. have
reported a more ordered layer of 35nm thickness close to a hydrophobic surface (carbon black)
from X-ray scattering and neutron reflection methods [35]. Equally Faghihnejad and Zeng have
reported surface force apparatus (SFA) measurements of long range interaction forces between
hydrophobic surfaces in water extended up to several tens of nanometers [36]. The hydrophobic
effect leads to structuring of water close to the polystyrene surface and thus reduces the orienta-
tion polarizability of water. In turn non-radiative decay pathways might become suppressed. A
similar order-making mechanism in water is the addition of so-called kosmotropes, for example
ethanol and methanol [37]. A recent study by Kumar and Bohidar has shown that the addition
of small amounts of ethanol can lead to a substantial increase of the fluorescent lifetime of car-
bon nanoparticles [38]. This shows that the structure of an aqueous solvent can have a sizeable
influence on the fluorescent lifetime. However, we also recognise that the corona of influence
d ~ 130nm appears to be rather long ranged compared to previous observations of water struc-
turing close to a hydrophobic surface. A more quantitative modelling of the mechanism leading
to the increase of the fluorescent lifetime of Alexa 430, however, is beyond the scope of this
work.

Finally, in order to exclude other possible contributions, we have carried out a control ex-
periment substituting the strongly hydrophobic polystyrene by silica (SiO;), diameter 136 nm,
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Fig. 5. Measured lifetime and emission count rate of Alexa 430 in aqueous dispersion of
silica (Si0O,) colloidal particles. The plotted values are normalized by the value obtained in
pure water.

which is hydrophilic due to the surface termination with silanols, or silicon-bonded hydroxyl
groups, capable of forming hydrogen bonds with water molecules. As shown in Fig. 5 both the
lifetime and the measured count rate are basically unaffected by the addition of silica parti-
cles. This provides further evidence that the observed behavior can likely be attributed to the
hydrophobic structuring of water close to the polystyrene surfaces [39].

5. Summary and conclusion

In the present work we have analyzed the influence of polystyrene nanoparticles in suspension
on the decay rate of dissolved dye molecules. Our work highlights the fact that such small
particles expose a huge surface area and therefore, even for relatively small volume fractions,
most or all of the dye molecules in solution can be within a close distance to the particles. The
proximity of nanoparticles can then have a profound influence on the decay characteristics of
the dye molecules, as we show in this work. Our results suggest that the strongly hydrophobic
polystyrene surfaces provide a mechanism to inhibit non-radiative decay channels leading to
an increase of the quantum yield and lifetime of the dye molecules. This scenario is further
corroborated by the fact that the addition of hydrophilic silica particles of similar size does not
show this effect. Moreover, recent studies of another structure forming mechanism have equally
found an increase in the fluorescent lifetime of carbon nanoparticles suspended in water when
adding small amounts of the kosmotrope ethanol [38].

Finally, our results also show that the influence of the dielectric particles on the radiative de-
cay rate due to scattering and interference is weak for nanoparticles with a moderate refractive
index contrast such as the polystyrene particles studied in this work. This conclusion is also
supported by recent theoretical and experimental work that shows that changes to the radiative
decay require a very high particle refractive index and/or the presence of a (nearly) full pho-
tonic band gap, conditions that are neither fulfilled in our work nor in a previous study claiming
the opposite [27], both carried out with suspensions of polystyrene nanoparticles (n = 1.59) of
comparable size suspended in water (n = 1.33).
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