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Polymer blends in nanoparticles have been studied by transmission

electron microscopy (TEM) and photoluminescence (PL) spectroscopy.
The TEM studies show that blend particles formed from two immiscible
polymers by the miniemulsion process exhibit biphasic morphologies.
The fact that no core—shell type but Janus-like structures were found
indicates that the surface free energies between both polymers and the
solution—-water interface (including the surfactant molecules) are similar;
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therefore, the blend morphology and composition of the individual
phases are mainly determined by the interaction between the two polymer
components. Both the TEM studies and the PL experiments provide
strong evidence that phase separation in these particles strictly follows the
Flory—Huggins theory. This highlights the applicability of the nanoparti-
cle approach to fabricate blend systems with well-controllable properties
and to study structure—property relationships under well-defined condi-

tions.

1. Introduction

The morphology of polymer blends and their relation to
function has been a subject of ongoing research for many
years. While earlier studies concerned the improvement of
mechanical properties, the function—property relationship of
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polymer blends with electronic and optoelectronic proper-
ties has recently moved into focus.!'

The phase properties of polymer blends can be well de-
scribed theoretically by the Flory-Huggins theory. For
binary blends of polymers A and B, the phase diagram (as a
function of blend ratio) consists of two regions, related to
the homogeneous blend and to the situation where the
system phase-separates into two phases. Interestingly, the
theory predicts that these phases are not pure and that the
composition of each of these two phases depends only on
temperature and not on the overall blend ratio. Evidently,
the properties of phase-separated systems depend on the
blend morphology (the length scale of phase separation)
and also on the composition of the individual phases.

This is particularly important when considering thin
layers of polymer blends, as used in functional optoelectron-
ic organic devices such as polymer solar cells, field-effect
transistors, and light-emitting diodes. The kinetics and effi-
ciency of the elementary steps leading to these optoelec-
tronic functions, which are, for example, the generation or
recombination of charge carriers or the transfer of excitons,
are highly influenced by the local environment of the active
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sites. On the other hand, phase separation from a homoge-
neous mixture is a dynamic process and, consequently, the
phase morphology is dependent on the sample history and
on boundary conditions, as experimentally observed.”®! Thin
multicomponent polymer layers are commonly deposited by
spin-coating or printing techniques from a solution contain-
ing both polymers in the desired mass ratio. It is well docu-
mented that the surface properties of the substrate, the sol-
vent from which the blend was deposited, the temperature,
and certainly post-treatments largely influence the morphol-
ogy of these thin layers.*® This concerns the length scale
of phase separation as well as the lateral and vertical com-
position of the phases.”! Therefore, several recent studies
have concerned the correlation between the nanomorpholo-
gy and the local optical and optoelectronical properties of
functional polymer-blend layers.’'?) Dastoor and co-work-
ers applied near-field scanning microscopy to correlate the
local photocurrent with the layer morphology. They found
that the photogeneration of current occurs primarily within
the micron-sized phase-separated domains and not at the
phase boundaries."”! In a later study, the same authors pub-
lished detailed investigations on the quantitative chemical
composition of blends from two polyfluorenes.'!! As pre-
dicted by the Flory-Huggins theory, the phase-separated
areas themselves consisted of a mixture of the two compo-
nents, with a rather constant blend composition within the
domains. In the same year, Cacialli and co-workers publish-
ed a report on the correlation between the local fluores-
cence and photoconductivity and discussed their results with
regard to the nanomorphologies of the layers.'” Although
these studies yielded interesting information on the mor-
phology and the local optoelectronic properties of function-
al polymer blends, all measurements were performed on
blend layers with lateral phase separation on the microme-
ter scale. However, many applications demand a nanoscale
blend morphology. Also, the lateral resolution of the scan-
ning-probe methods used in these studies is approximately
30-50 nm, which is well beyond the typical exciton diffusion
length.

Recently, we presented a novel approach to control the
length scale of phase separation of polymer blends on a
length scale of a few tens of nanometers."” This approach
involves the preparation of solid nanoparticles with well-
controllable size through the formation of a miniemulsion
of the polymer solution in water. Blends have been pre-
pared in two ways, either by mixing nanoparticles of pure
polymers (nanoparticle blend) or by forming blend nanopar-
ticles by starting with a solution of both polymers. Spectro-
scopic investigations revealed that the latter approach leads
to nanospheres containing both polymers in each particle
and gave evidence for a phase-separated morphology. The
incorporation of two polymers in a common solvent and ap-
plication of the miniemulsion process is a novel approach to
prepare nanoparticles including two or more polymers. It
was further shown that the properties of optoelectronic de-
vices fabricated from these particles are not related to the
kind of solvent employed in the miniemulsion process, a
fact indicating that the blend composition inside the nano-
particles is close to that at thermal equilibrium.
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Here, we provide further information regarding the mor-
phology of these blend particles. By using transmission elec-
tron microscopy, we demonstrate that the blend particles
consist of two well-defined phases and that the respective
volume fractions follow the well-known lever rule. The com-
position of the individual phases is acquired from spectro-
scopic studies on a blend of two fluorescent polymers. Final-
ly, our results give strong evidence that the optical proper-
ties of these blends are largely determined by the composi-
tion of the individual phases and not by the blend morphol-

ogy.

2. Results and Discussion
2.1. Microscopic Studies

Unfortunately, it was not possible to find a combination
of polymers that allows the characterization of the same
polymer-blend system with transmission electron microsco-
py (TEM) and optical spectroscopy. This is because the ma-
terial contrast between different polymers in TEM is often
low. Therefore, we decided to use a model system for the
TEM measurement that allows the detailed characterization
of the phase-separation processes in the particles. For these
studies, polystyrene (PS; weight-average molecular weight
M, =101x10° gmol™" (GPC, PS standard); glass tempera-
ture 7,=108°C (DSC)) and poly(propylene carbonate)
(PPC; M, =39x10*gmol™' (GPC, PS standard); 7,=16°C
(DSC)) were used since the two components can easily be
distinguished in TEM measurements. In order to calibrate
the experiments on the blend particles, micrographs were
also taken from particles containing only one polymer com-
ponent. For example, Figure 1 shows the TEM pictures of a
blend of pure PS and PPC particles. The layer was prepared
from a mixture of two aqueous particle dispersions of equal
particle size (50 nm as determined by dynamic light scatter-
ing measurements) in a 1:1 ratio. Apparently, the contrast of
both polymers in the TEM picture is very different: PS ap-
pears black and PPC is more “transparent” in the TEM
image. The high density of hydrogen atoms in the structure
of PPC with respect to the carbon background may explain
the bright appearance of the PPC particles. Due to the low
T, value of PPC (16°C), its particles probably melt under
the conditions of TEM and do not show a well-defined mor-
phology. We note that that the particles are statistically dis-
tributed and do not form separate domains.

Figure 2 shows TEM micrographs of PS:PPC blend par-
ticles of about 75 nm with different composition ratios. Evi-
dently, all particles exhibit exactly two phases, separated by
a rather flat interface. No evidence for a core-shell-type
morphology is found, which would be expected if the pref-
erable interaction between the surfactant molecules and one
of the polymer components were the driving force for the
phase-separation process. Volume fractions were calculated
from the TEM images with the assumption of spherical par-
ticles occupied by each polymer in the particle. The calculat-
ed values (as listed in Table 1) are in good agreement with
the values of the weight ratios of the polymers originally
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used to prepare the nanopar-
ticles. The percentage-wise
relatively large deviation for
the extreme compositions
90:10 and 10:90 can be ex-
plained by the fact that the
assumption for the calcula-
tion of having a sphere and a
sharp phase separation is not
true and leads here to a
larger error. The composition

¢ oW &} &
%nm ol B _:'60 Fis changed by the TEM prepa-

Figure 1. TEM images of a PS:PPC blend prepared by mixing two miniemulsions: a) without staining;
b) negatively stained with uranium acetate.

& is not expected to be
ol ration.

2.2. Spectroscopic Studies

It has been shown above
90% PS: 10% PPC 70% PS: 30% PPC that it is possible to prepare
biphasic nanoparticles with
| the desired composition ratio
and with well-defined mor-
phology. In this section, we
support this interpretation by
studying the optical proper-
ties of nanoparticles formed
by two emissive fluorene co-
polymers,  poly(9,9-dioctyl-
fluorene-2,7-diyl-co-bis-N,N’-
(4-butylphenyl)-bis-N,N’-
phenyl-1,4-phenylenedi-
amine) (PFB) and poly(9,9-
dioctylfluorene-2,7-diyl-co-
benzothiadiazole)  (F8BT).
Since these two polymers are
almost immiscible in each
other, it can be assumed that
blend particles of these two
polymers exhibit the same
morphology as the PS/PPC
particles.

Blends of PFB and FSBT
were chosen for several rea-
sons: First, the main absorp-
tion and fluorescence lines of
the two polymers are spec-
trally well separated, thereby
allowing the excitation (and
detection) of each individual
component. Second, the pho-
togenerated excitons can be
dissociated between PFB,
which accepts the hole, and

B ! ‘ F8BT, which accepts the
L1000 R n— . electron. This process leads
to quenching of the excitonic

- -

60% PS: 40% PPC

Figure 2. TEM images of different biphasic blend particles. (The percentages of the amounts employed in ; - s .
the preparation are given.) The particles are deposited on a carbon-coated copper grid and left to dry intrachain emission. Third,
under air. The samples are not further labeled or stained. the PL spectrum of the blend
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Table 1. Calculated volume percentage occupied by the two polymers

in the nanoparticles for different weight ratios in the preparation.

PS:PPC polymer content! Vol % of PS™

Vol % of PPC™!

90:10 79 21
70:30 73 27
60:40 63 37
50:50 48 52
30:70 32 68
10:90 19 81

[a] Ratios measured in wt %, as used in the preparation of the nano-

particles. [b] As calculated from the TEM images of the nanoparti-
cles.

exhibits emission from an interchain exciplex, which allows
the study of the intermixing of the two components.!' > Fi-
nally, this system has been studied extensively with respect
to photovoltaic properties and various correlations between
photoresponse and blend morphology have been pro-
pOSed.pAﬁj)Mim]

Figure 3 summarizes the relative PL efficiency and the
normalized PL lifetime of each of the two polymers in
blend particles for different blend ratios. The data have
been taken from Ref. [17] and rearranged to highlight the
correlation between PL quenching and PL-lifetime reduc-
tion. The relative PL intensities were obtained by normaliz-
ing the PL signal obtained for a certain F8BT fraction in
the blend (¢psgr) to the emission of the respective pure
component particles and dividing this number by the weight
fraction of the emitting component in the blend. The values
thus display the degree of quenching of, for example, the
emission of PFB in the presence of FSBT (and vice versa).
The normalized PL-lifetime data were obtained by dividing
the values measured for the blend particles by the lifetime
of the respective pure component particles.

There is a good correlation between the relative PL in-
tensities and the PL lifetimes for both PFB and F8BT. Evi-
dently, blending mainly causes additional nonradiative
decay for the photogenerated excitons (through exciton dis-
sociation) and leaves the radiative lifetime almost constant.
As already discussed by us in our previous paper,'” the
emission properties are highly asymmetric with regard to
blend composition. The PFB emission and lifetime is largely
reduced upon addition of even small amounts of FSBT and
is below the resolution limit of the PL detectors at a FSBT

mass fraction of 0.33 (and above). By contrast, FSBT emis-
sion is clearly visible for all blend fractions. One particular
point (not addressed in the original publication of these
data) is that the F8BT emission lifetime is nearly constant
over a rather broad range in composition (Pgggr=0.33—
0.83). This is in contrast to a naive picture where exciton
split-up occurs mainly at the interface between the two
phases and where the efficiency of quenching is determined
by the probability that excitons generated in one of the two
phases reach the interface.
In thermal equilibrium, the phase-separated blend
should consist of a PFB-rich phase (A) and an F8BT-rich
phase (B), with the respective mass fractions determined by
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Figure 3. a) Relative PL intensities (solid symbols) and normalized PL
lifetimes (open symbols) of the emission from PFB (squares) and
F8BT (circles) measured on PFB:F8BT blend particles as a function of
the F8BT content (data taken from Ref. [17]). PL intensities were mea-
sured in the steady state with excitation either at 380 nm (which
excites mostly PFB) or 450 nm (which excites exclusively F8BT). PL
lifetimes were recorded with an excitation wavelength of 394 nm.

b) Prediction of the F8BT emission intensities under the assumption
that only the F8BT-rich phase contributes to the PL signal and that

the volume fraction of this phase is determined by the Flory—Huggins
theory.

the lever rule [Eq. (1) and (2) with m, +mz=1].

o ¢F8BT,B — ¢F8BT

my = 1

A ¢F8BT<B - ¢F8BT.A ( )

mB — QZSFSBT __¢F8BT.A (2)
¢F8BT,B ¢F8BT<A

Here, the relative mass fraction of F8BT in phase A with
mass m, is denoted by ¢rggra and the FSBT mass fraction
in phase B with mass my is denoted by ¢rgprp, respectively.
Within the two-phase region, the concentrations ¢rgpr 4 and
¢rsprp are independent of ¢rgr. As the relative FSBT emis-
sion decreases with a decrease in the ¢gggr value (and thus
an increase in m,), it is plausible to assume that F8BT emis-
sion from the PFB-rich phase can be neglected. The almost
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complete absence of PFB emission for ¢pggy>0.2 further
suggests that all photoexcitations in phase A are completely
quenched.

We could successfully model the relative F8BT intensity
by assuming that the FS8BT emission originates exclusively
from phase B, as depicted in the schematic drawing in
Figure 4. Figure 3b shows the results of calculations of the

PFB rich phase A
all fluorescence quenched by F8BT
all exciplex emission by this phase

F8BT rich phase B
fluorescence from FEBT
exciplex negligible

Figure 4. Schematic drawing of the phase separation inside a blend
particle.

relative FSBT emission intensity. In these calculations, the
mass fraction my was calculated from Equations (1) and (2)
for different values of ¢pspra andgrgprp. Also, the PL quan-
tum efficiency #gggr was assumed to be strictly linear with
the PL lifetime. As shown in Figure 3b, the comparison of
the calculated and the measured values sets tight limits for
the compositions of the two phases. Best fits were obtained
with a concentration of FS8BT in the PFB-rich phase of
0.13-0.15, while the F8BT concentration in the F8BT-rich
phase should be above 0.9. Apparently, both phases contain
small minority components of the respective second compo-
nent.

To verify these estimates, we have further considered
the exciplex contribution to the emission in thin blend
layers. Exciplex emission in PFB:F8BT blends was first re-
ported by Morteani et al.™™ As it requires the PFB and
F8BT chains to be in close proximity, the relative strength
of exciplex emission is a good measure for the degree of po-
lymer intermixing. Figure Sa shows emission spectra of
blends spin-coated from chloroform and xylene as well as of
nanoparticles prepared with either of the two solvents. The
exciplex emission is clearly seen as a peak with a maximum
at approximately 615 nm for the film spin-coated directly
from chloroform and appears as a weak shoulder for the
layer coated from xylene. Chloroform evaporates much
faster than xylene and leaves the polymers less time to ap-
proach their thermodynamic equilibrium during drying of
the spin-coated layer. As a result, the phase separation in
films prepared from chloroform is on a much smaller scale
than that for the xylene case,” thereby leading to a higher
overall interfacial area between the polymers and thus more
exciplexes being formed. By contrast, the different solvents
used for the initial preparation of the nanoparticles have
only a weak effect on the PL, which indicates that the
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Figure 5. a) Steady-state PL emission spectrum (excitation wave-
length =380 nm) of blend layers coated from chloroform and xylene
and of monolayers of 1:1 blend particles. Particle formation involved
1:1 solutions of the polymers in either chloroform or xylene. b) Tran-
sient PL spectrum for PFB:F8BT blend particles with two different
blend ratios and two different particle sizes. The excitation wave-
length was 392 nm and the detection wavelength was 625 nm.

phases formed in the nanoparticles are closer to the thermal
equilibrium. The exciplex contribution becomes more no-
ticeable when the results from time-resolved PL emission
studies are considered, as shown in Figure 5b. The exciplex
contribution leads to a slowly decaying component, with an
average lifetime of 100 ns. Evidently, the decay characteris-
tic is largely determined by the blend ratio while the actual
particle size is of minor importance. This suggests that exci-
plex formation takes place mainly between dissimilar chains
within the individual components and not at the interface
between different phases. A second observation is that the
relative exciplex contribution decays largely with increasing
F8BT concentration. This leads to the conclusion that most
exciplex emission is generated in the PFB-rich phase
(Figure 5).

In order to quantify this, we have deconvoluted the
steady-state emission spectra for excitation at 380 nm and
460 nm. The exciplex emission intensity was then divided by
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the total absorbance at the respective wavelength. As the
exciplex contribution decays with increasing FSBT content,
it was assumed that exciplex emission originates only from
the PFB-rich phase and that the quantum efficiency for ex-
ciplex formation is independent of the overall blend compo-
sition. Figure 6 shows the normalized exciplex emission in-

380nm 460 nm  Opgopg

-— --- 08
_— 0.9
0.95 .
........ 1.0

I (norm.)
1

0.0 0.2 04 0.6 0.8 1.0

q)FSBT

Figure 6. The steady-state PL intensity at 625 nm of the PFB:F8BT
blend particles for an excitation wavelength of 380 nm (squares) and
460 nm (circles). Data were obtained by subtracting the pure emis-
sion contributions from PFB and F8BT and by normalizing these
values to the absorbance at the respective excitation wavelengths.
The measured values (solid symbols) are compared with predictions
from the Flory—Huggins theory (lines) under the assumption that the
exciplex emission stems exclusively from the PFB-rich phase. In all
calculations, the concentration of F8BT in the PFB-rich phase was
0.13.

tensities for excitation at 380 (mainly PFB) and 460 nm
(only F8BT). Also shown are the results of calculations
based on the Flory-Huggins theory as outlined above. The
calculated dependence of the exciplex emission on the parti-
cle composition turned out to be rather insensitive to the
concentration of F8BT in the PFB-rich phase but very sensi-
tive to its concentrations in the F8BT-rich domains.Very
good agreement between the calculated and the experimen-
tal values is found for @gggr=0.9-0.95.

3. Discussion and Conclusions

Our TEM studies prove unambiguously that blend parti-
cles formed from two immiscible polymers through the min-
iemulsion process exhibit biphasic morphologies. The fact
that no core-shell-type but Janus-like structures were found
indicates that the interaction between the solution—-water in-
terface (including the surfactant molecules) and each of the
polymer phases is similar and that there is no preference of
one polymer to the water phase. At this point, we note that
the kinetics and structure of phase separation in polymer-
blend particles has been studied earlier by others.'>24 Al-
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though these particles were mostly fabricated from emul-
sions of dilute polymer solutions, as for the particles report-
ed here, the average particle sizes in those studies ranged
between several hundreds of nanometers to a few microme-
ters. Also, those reports were exclusively on nonconjugated
polymers. To the best of our knowledge, our paper contains
the first detailed report on the morphology of phase separa-
tion in true nanoparticles of functional polymers. Our TEM
studies and the PL experiments provide strong evidence
that phase separation in these particles strictly follows the
Flory-Huggins theory. This highlights the applicability of
the nanoparticle approach either to fabricate blend systems
with well-controllable properties or to study structure—prop-
erty relationships under well-defined conditions.

For the PFB-F8BT blend, our studies show that the
PFB-rich phase contains FSBT at a concentration of approx-
imately 15%, while the concentration of PFB in the FSBT-
rich phase is even smaller, probably between 5-10%. The
larger concentration of F8BT in the PFB-rich phase (as
compared to the concentration of PFB in the F8BT-rich
phase) is understandable with consideration of the signifi-
cantly larger molecular weight of PFB. According to the
Flory-Huggins theory, the pronounced asymmetry in phase
composition when blending two polymers with unequal mo-
lecular weights is due to the fact that only the diffusion of
short polymer chains into the phase with predominant long
chains leads to a substantial increase in entropy. Therefore,
the phase rich in the short-chain component (F8BT in this
case) should contain only a small fraction of the long-chain
polymer (PFB). In fact, the phase composition found in this
study is quite consistent with the prediction of the Flory—
Huggins theory for yN,;=1.4-1.6 (with y being the Flory—
Huggins interaction parameter and N, being the degree of
polymerization of the shorter chain polymer).

As mentioned earlier, McNeill et al. recently mapped
the chemical composition of polymer-blend layers based on
F8BT and poly(9,9-dioctylfluorene-co-N-(4-butylphenyl)di-
phenylamine (TFB) with approximately 50 nm lateral reso-
lution.'!! These layers had been coated with p-xylene to
induce lateral phase separation at the micrometer scale. The
authors found a concentration of TFB in the TFB-rich do-
mains of approximately 68-76 wt%. The FS8BT concentra-
tion in the F8BT-rich domains was approximately 90 wt %
near the interface to the TFB-rich domain and approximate-
ly 60 wt % away from this interface. These findings suggest
a rather high degree of mixing within the phases, which is
particularly surprising when the very high molecular weights
of the used polymers (M,=119000gmol™" and
151000 gmol ™" for TFB and F8BT, respectively) are consid-
ered. Presumably, the phase-separation process in these
spin-coated layers is not yet complete and the morphology
is frozen at a nonequilibrium state during evaporation of
the solvent.

Our studies indicate that the optical properties of the
PFB:FSBT blend systems are mainly determined by the
composition of the individual phases and not by the phase
morphology: the PL results as a function of blend composi-
tion can be well explained if one assumes that the F8BT lu-
minescence originates predominantly from the F8BT rich
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phase while the exciplex emission stems from the PFB rich
phase (Figure 4). This result is quite surprising if the small
length scale of phase separation in these particles (as de-
fined by the particle diameter) is kept in mind. Apparently,
the minority components in the individual phases largely
reduce the exciton diffusion length and most excitons decay
or dissociate within the domains rather than at the domain
boundaries. As both exciplexes and free charge carriers
have the same precursor state, namely a dark geminate
pair,™ our findings further imply that carrier photogenera-
tion mainly occurs within the PFB-rich domains. This con-
clusion is in very good agreement with the results of AFM
and near-field scanning photocurrent microscopy studies on
blend layers of PFB and F8BT published by Dastoor and
co-workers, as mentioned earlier.'" Interestingly, Cacialli
and co-workers recently concluded that the photocurrent
originates mainly from the protruding F8BT-rich areas.'”
This contrariety of results, measured by two different
groups on different samples, shows that the optoelectronic
response in polymer blend systems depends largely on the
local composition and morphology, which is not well con-
trollable in spin-coated layers. Apparently, there is a need
for the intensive study of well-defined polymer—polymer
blends. The nanoparticles investigated in this paper might
serve as ideal model systems to establish structure—function
relationships in nanoscale phase-separated blends.

4. Experimental Section

Synthesis of the aqueous polymer dispersions: For the PS
and PPC dispersions, the polymer (mixture; 50 mg) was dis-
solved in CHCl; (5 g) and added to an aqueous solution compris-
ing sodium dodecyl sulfate (SDS; 30 mg) and water (10 g). PFB
(M,,=100000 gmol™) and F8BT (M, ~20000 gmol ") were pur-
chased from American Dye Sources. For the preparation of the
dispersions, single-polymer solutions in chloroform or solutions
of the two polymers in chloroform (at 2.5 wt%) were added to
an aqueous SDS solution (100 mg SDS/10 g water).

After 15 min of stirring for pre-emulsification, the miniemul-
sion was prepared by sonicating the mixture for 3 min at 65%
amplitude (Branson sonifier W450). The samples were left stir-
ring for 2 h at 60°C to evaporate the chloroform from the liquid
droplets in order to obtain an aqueous dispersion. To eliminate
the excess surfactant and concentrate the samples, the disper-
sions were dialyzed against demineralized water by using a Milli-
pore membrane (Amicon Ultra —4; exclusion M,, of 30000) in a
Sigma centrifuge at 2500 rpm, until the conductivity of the water
was about 10 uScm™. The final dispersions had 7% solid con-
tent and 5% SDS to the amount of polymer. The particles sizes
were measured by using a Nicomp particle sizer at a fixed scat-
tering angle of 90°.

Optical spectroscopy: Absorption spectra were recorded with
a Perkin—Elmer Lambda 19 UV/Vis spectrometer. The spectra
were corrected for the transmission of the uncoated glass slides
in the case of film measurements and for the transmission of
the cuvettes in the case of dispersions measurements.
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Steady-state fluorescence spectra were measured with a
Perkin—Elmer LS 50 luminescence spectrometer. The excitation
was incident at an incident angle of 60° onto the front face of
the sample and the emission was recorded in reflection at an
angle of 30°.

Details about the fluorescence lifetime measurements can
be found in Ref.[17]. In short, the highly diluted dispersions
were excited with a mode-locked Ti:sapphire laser (Tsunami,
Spectra Physics) after second-harmonic generation at A=
392 nm and the fluorescence of the samples was detected by a
streak camera (C5680, Hamamatsu) equipped with an imaging
spectrograph (250is, Chromex).

Fluorescence decay measurements on a longer timescale
(0.1-100 ns) were performed with an FL920 fluorometer (Edin-
burgh Instruments, Livingston, UK). Fluorescence decays were
measured with a multichannel plate (ELDY EM1-132 300 MCP-
PMT, Europhoton, Berlin). The complete detection system had an
instrumental response time of 100 ps. For data analysis, the
commercial software package provided with the FL920 fluores-
cence spectrometer was used. The experimental fluorescence
decay data were iteratively deconvolved from the instrument re-
sponse function based on a Marquardt algorithm.
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