
KAESER ET AL. VOL. 7 ’ NO. 1 ’ 408–416 ’ 2013

www.acsnano.org

408

December 20, 2012

C 2012 American Chemical Society

Side Chains Control Dynamics
and Self-Sorting in Fluorescent
Organic Nanoparticles
Adrien Kaeser,† Irén Fischer,† Robert Abbel,‡ Pol Besenius,‡ Debarshi Dasgupta,† Martijn A. J. Gillisen,‡

Giuseppe Portale,§ Amy L. Stevens,^ Laura M. Herz,^ and Albertus P. H. J. Schenning†,*

†Laboratory of Functional Organic Materials and Devices and ‡Laboratory of Macromolecular and Organic Chemistry, Eindhoven University of Technology,
P.O. Box 513, 5600 MB Eindhoven, The Netherlands, §Netherlands Organization for Scientific Research (NWO), European Synchrotron Radiation Facility (ESRF),
DUBBLE-CRG, Grenoble, F-38043, France, and ^Clarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford, OX1 3PU, United Kingdom

F
luorescent nanoparticles based on π-
conjugated polymers and oligomers
have attracted much interest lately

due to their small size, high fluorescence
and photochemical stability, which make
them appealing as bioprobes for sensing
and imaging.1�5 In this class of fluorescent
systems, the nature of the side chains, that
are attached to the π-conjugated backbone
play a pivotal role. π-Conjugated polymers
functionalized with hydrophobic aliphatic
side chains fold into self-assembled static
fluorescent nanoparticles (polymer dots),6�8

while polymers functionalized with hydrophi-
lic or ionic side chains do not form particles
but are molecularly dissolved in water.9�13 In
the first case, rigid, stable particles suitable
for imaging are formed, while in the latter
case, dynamic polymer chains for sensing
applications are present that can adapt to
the analyte. π-Conjugated block-co-polymers
containing both polar and nonpolar side

chains that self-assemble into vesicles have
been also reported.14,15

For π-conjugated oligomers the situation
is similar, as oligomers equipped with only
nonpolar alkyl tails form self-assembled
nanoparticles,16�23 while oligomers having
hydrophilic side chains are molecularly dis-
solved inwater.24�29 In addition,π-conjugated
oligomers containing both hydrophilic
and hydrophobic side chains have been
made.30�36 Because of the amphiphilic nature
of thesemolecules, nanoparticles are formed
that, in a few cases, have properties similar
to membranes and vesicles.37�39 For example,
vesicle-type nanoparticles could be deformed
and also vesicle fusion40 has been found. In
the case of multicomponent particles, clus-
tering,40,41 and multivalency42 have both
been observed.
For imaging and sensing, full control over

the stability, dynamics,43�45 and supramo-
lecular organization46�49 of the nanoparticles
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ABSTRACT To develop fluorescent organic nanoparticles with tailored properties for imaging and

sensing, full control over the size, fluorescence, stability, dynamics, and supramolecular organization of

these particles is crucial. We have designed, synthesized, and fully characterized 12 nonionic fluorene co-

oligomers that formed self-assembled fluorescent nanoparticles in water. In these series of molecules, the

ratio of hydrophilic ethylene glycol and hydrophobic alkyl side chains was systematically altered to investigate its role on the above-mentioned properties.

The nanoparticles consisting ofπ-conjugated oligomers containing polar ethylene glycol side chains were less stable and larger in size, while nanoparticles

self-assembled from oligomers containing nonpolar pendant chains were more stable, smaller, and generally had a higher fluorescence quantum yield.

Furthermore, the dynamics of the molecules between the nanoparticles was enhanced if the number of hydrophilic side chains increased. Energy transfer studies

between naphthalene and benzothiadiazole fluorene co-oligomers with the same side chains showed no exchange of molecules between the particles for the

apolar molecules. For the more polar systems, the exchange of molecules between nanoparticles took place at room temperature or after annealing. Self-

assembled nanoparticles consisting of π-conjugated oligomers having different side chains caused self-sorting, resulting either in the formation of domains

within particles or the formation of separate nanoparticles. Our results show that we can control the stability, fluorescence, dynamics, and self-sorting properties

of the nanoparticles by simply changing the nature of the side chains of theπ-conjugated oligomers. These findings are not only important for the field of self-

assembled nanoparticles but also for the construction of well-defined multicomponent supramolecular materials in general.
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is highly desirable. For example, for imaging and
sensing of cells, the dynamic properties within these
self-assembled particles could mimic the lateral diffu-
sion of lipids within membranes,50 thereby enhanc-
ing their binding to cells due to the multivalency.51

However, self-assembled systems generally display
equilibrium between monomer and supramolecular
architectures,52 and monomers in solution are usually
undesirable for sensing and imaging applications. To
date, the stability and dynamic behavior of the self-
assembled aqueous structures have been rarely in-
vestigated, while it is clear that the side chains of the
π-conjugated oligomers play a critical role in these
properties.
Recently, we have reported the formation of nano-

particles composed of fluorene co-oligomers forming
highly fluorescent nanoparticles.41 We tuned the emis-
sion wavelength of these multicomponent nanoparti-
cles by mixing naphthalene containing donor moieties
and benzothiadiazole containing acceptor moieties
molecules in one particle and achieved energy transfer.
We also showed that the morphology of nanoparticles
has an impact on the energy transfer efficiencies.
Under the fluorescence microscope, the individual
particles were stable showing no exchange of mol-
ecules between particles. Furthermore, the nanoparti-
cles could be functionalized with different bioligands
at the extremities of inert ethylene glycol side chains,
which could be utilized for imaging and sensing.42

We have now systematically changed the nature of
the side chains of fluorene co-oligomers and investi-
gated its influence on the stability, dynamics, fluores-
cence, and self-sorting properties of the aqueous self-
assembledmono- and bicomponent nanoparticles.We
have designed twelve nonionic fluorene derivatives in
which we have systematically altered the ratio of
hydrophilic ethylene glycol and hydrophobic alkyl side
chains (Scheme 1). Naphthalene- and benzothiadi-
azole-fluorene co-oligomers were chosen to study the
above-mentioned properties by energy transfer. Our
results show that we can control stability, dynamics,
and self-sorting properties by simply changing the
nature of the side chains of the π-conjugated oligo-
mers (Scheme 2).

RESULTS AND DISCUSSION

Molecular Design. We have successfully synthesized
two sets (naphthalene (N) and benzothiadiazole (B)
derivatives) of six fluorene co-oligomers in which the
number and the substitution pattern of the hydropho-
bic alkyl and the hydrophilic nonionic side chains on
the π-conjugated backbone has been systematically
changed (Scheme 1, Apolar, Amp1, Amp2, Amp3,
Bola1, andBola2). For example, theApolar derivatives
contain only hydrophobic side chains, while the side
chains of Bola2 derivatives are exclusively hydrophilic
ethylene glycols. For the amphiphiles Amp1, Amp2,

and Amp3 having one apolar and one polar wedge,
the tails on the fluorene moieties were gradually
altered from hydrophobic to hydrophilic. The wedges
of the molecules Apolar, Amp1�3, and Bola1,2
change from two apolar, via one apolar and one polar,
to two polar wedges in which we name the first one
apolar, the second one amphiphilic, and the latter one
bolaamphiphilic molecules. The N and B derivatives
act as energy donor and energy acceptor (Scheme 1),
respectively, which display only minor changes in the
shape and size of the π-conjugated molecule, allowing

Scheme 1. Molecular structures of the 12 nonionic fluorene
based co-oligomers used for the formation of fluorescent
nanoparticles in water. The bars represent the emission
color of the π-conjugated core while the colors of the side
chains refer to polarity.

Scheme 2. Different self-assembled states of bi-component
nanoparticles, consisting of N and B derivatives (Scheme 1),
which have been observed in this study. Equilibriums exist
between these states and the two monomers, showing the
dynamics between nanoparticles, within a particle, and
between particles and monomers.
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us to study the dynamic and self-sorting properties
in these bicomponent systems by photoinduced en-
ergy transfer.41,53,54 The synthesis of the Apolar and
Bola1 derivatives has already been described,41,53

while the synthesis of the other eight compounds
is reported in the Supporting Information (SI). All
compounds have been extensively purified and fully
characterized (SI).

Formation and Characterization of the Self-Assembled Nano-
particles. Each molecule was injected into water ac-
cording to the reprecipitation method, annealed at
90 �C for 10 min55 and analyzed at room temperature
to investigate if they all form nanoparticles. In most
cases, a decrease of the extinction coefficient and a
blue shift of the absorption bandwere observed (Table 1
and SI, TableS1, FigureS1�FigureS3) when compared
with THF, with a maximal shift of 10 nm for Bola1-N
and Bola1-B. It should be noted that the shift of the
absorption maximum was different for each compo-
nent reflecting the role of the side chains on aggrega-
tion. A pronounced difference could also be observed
for the fluorescence properties of the molecules, with
quantumyields ranging from5 to 55%and from15 and
85% for naphthalene N and benzothiadiazole B deri-
vatives, respectively, with the lowest values found for
the oligomers that had only polar ethylene glycol tails.
The naphthalene compounds Apolar-N, Amp1-N,
Amp3-N showed an enhanced quantum yield in water
compared to THF, while for all benzothiadiazole deri-
vatives a decrease was observed. The enhancement is
probably caused by planarization of the naphthalene�
fluorene π-conjugated core leading to lower nonradia-
tive recombination rates while in case of the benzo-
thiadiazole derivatives aggregation induced quench-
ing dominates (vide infra).53,54 The emission maximum

peak of the benzothiadiazole nanoparticles in water
changed from 529 nm for the most nonpolar oligomer
(Apolar-B) to the red, 575 nm, for the most polar
oligomer (Bola2-B). Previous studies revealed that
the emission of fluorene�benzothiadiazole copolymers
is sensitive to thepolarity of its environment, resulting in
a red shift and a decrease in emission intensity as the
environment becomes more hydrophilic.56 Most likely,
nanoparticles self-assembled from oligomers that have
polar ethylene glycol side chains contain more water
than nanoparticles self-assembled of oligomers that
only contain nonpolar side chains.57 Circular dichroism
(CD) measurements revealed CD effects for the nano-
particles that are formed by the chiral derivatives
indicating a helical ordering of the π-conjugated oli-
gomers (SI, FigureS4).Multiangledynamic light scattering
(DLS) showed that all fluorene derivatives formed self-
assemblednanoparticles inwhich, ingeneral, thediameter
increased going from the apolar to the polar derivatives
(for example Apolar-N Rh = 54 nm and Bola2-N Rh =
80 nm; Table 1, SI TableS2 and FigureS5). DLS data sets
for Apolar, Amp1, Bola1, and Bola2 derivatives were
fitted best with a first order exponential decay, attest-
ing the existence of a single population of nanoparti-
cles. For Amp2 and Amp3 nanoparticles in solution,
the DLS data shows the presence of two populations
reflected by the second order exponential decay and
the two resulting diffusive processes.

Some nanoparticles were further characterized by
transmission electron microscopy (TEM) and small-angle
X-ray scattering (SAXS) revealing a comparable diameter
as observed by DLS (Table 1 and SI FigureS6 �
FigureS9; an example is given for Amp1-B in Figure 1).
Small size differences between DLS and TEM, that is,
10 nm for Amp2-B, reflect the possible collapse of

TABLE 1. Optical Characteristics, Hydrodynamic Radius and Critical Aggregation Concentration (CAC) of Amphiphilic

Derivatives in Water Solution (c = 3 μM)

wedgesa tailsa UV�vis absorptionb photoluminescenceb radiusc CACd

R1 R4 R2 R3 λ/nm (log(ε)/M�1 cm�1) λmax/nm (ΦPL(%)) Rh/nm M�1

Apolar-N a a a a 344 (4.82) 422 (60) 54 10�10

Amp1-N a b a a 338 (4.63) 421 (50) 40 10�9

Amp2-N a b a b 334 (4.80) 423 (25) 70; 20e 10�9

Amp3-N a b b b 335 (4.78) 429 (30) 78; 15e 10�8

Bola1-N b b a a 331 (4.77) 425 (7) 40 10�9

Bola2-N b b b b 344 (4.88) 426 (6) 80 10�7

Apolar-B a a a a 338 (4.74); 431 (4.36) 527 (40) 55
Amp1-B a b a a 335 (4.76); 430 (4.35) 528 (85) 39
Amp2-B a b a b 332 (4.74); 432 (4.27) 551 (70) 74; 12e

Amp3-B a b b b 334 (4.71); 429 (4.27) 568 (50) 81; 16e

Bola1-B b b a a 322 (4.73); 429(4.23) 550 (70) 40
Bola2-B b b b b 337 (4.80); 421 (4.40) 578 (15) 81

a See Scheme 1. b Data after annealing. For the naphthalene derivatives: excitation wavelength λexc = 340 nm, reference compound quinine bisulfate in 1 N H2SO4; for the
benzothiadiazole derivatives: excitation wavelength λexc = 340 nm, reference compound N,N0-bis(pentylhexyl) perylene bisimide in dichloromethane. c,d Data after annealing.
e The nanoparticles formed by Amp2 and Amp3 in water show two populations.
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the nanoparticles deposited on the carbon substrate
for TEM analysis, and thus expansion of the observed
object.58,59 The stability of the nanoparticles, measured
by determining the critical aggregation concentration
(CAC), decreased upon going to nanoparticles from
oligomers containing more polar ethylene glycol side
chains (Table 1 and SI, TableS3, FigureS10, and
FigureS11).60

These results show that all fluorene single compo-
nent systems formed stable self-assembled fluorescent
nanoparticles in water, in which the oligomers were
most likely organized both in helical and amorphous
domains. The self-assembly of the nanoparticles was
strongly influenced by the nature of side chains of the
π-conjugated oligomers. The nanoparticles which were
self-assembled from oligomers containing polar ethy-
lene glycol side chains were less stable and larger in size.
In contrast, the nanoparticles which self-assembled from
oligomers containing nonpolar side chains were more
stable, smaller and had in general a higher fluorescence
quantum yield.

Dynamics and Self-Sorting Properties of Self-Assembled
Nanoparticles of Two Chromophores with Similar Side Chains.
Since all fluorene co-oligomers form particles, the
dynamic and self-sorting behavior between the self-
assembled aqueous nanoparticles have been investigated
by mixing two aqueous solutions of both compounds
with similar side chains and subsequent annealing at
90 �C for 10 min (Scheme 3, method A).54 The photo-
luminescence (PL) spectra of theAmp1-B andAmp1-N
mixtures in which the ratio between these two mol-
ecules has been systematically varied, revealed that
the intensity of the donor and acceptor emission is
just a sum of the two components (Figure 2a). Further-
more, an isosbestic point was found showing the pre-
sence of the only species composed of either Amp1-B
or Amp1-N particles. Plotting the intensity of the
donor emission of Amp1-N for different N-B mixtures

Figure 1. (a) Absorption and emission spectra of self-as-
sembled nanoparticles Amp1-N (blue, λexc = 340 nm) and
Amp1-B (orange, λexc = 340 nm). (b) Hydrodynamic radius of
Amp1-B nanoparticles achieved via CONTIN fit of 150� corre-
lation function and single exponential fit of angular data
(inset). (c) SAXS profile of Amp1-B nanoparticles. The hollow
squares represent the experimental profile. The calculated
best fit curve (black line) is achieved assuming particles as
spheres of radius 40 nm. (d) Transmission electron micros-
copy (TEM) image of Amp1-B nanoparticles. The scale bar
represents 200 nm. Concentration in all cases, c = 3 μM.

Scheme 3. Schematic illustration of different sample preparationmethods to study the dynamics and self-sorting properties
of nanoparticles.

Figure 2. The dynamics and self-sorting of nanoparticles
preparedbymethodA. (a) Emission spectraof separateAmp1-
N and Amp1-B nanoparticles in water (100% Amp1-N, blue
curve, Amp1-N/Amp1-B: 90:10, green curve, 75:25, 50:50,
25:75, 10:90, gray curves, and 100% Amp1-B, orange curve),
after annealing. The inset shows a photograph of the blue
fluorescence of a solution of separate nanoparticles (95:5,
Amp1-N/Amp1-B). (b) The naphthalene N donor emission
intensity (normalized, at λem = 424 nm) for different N/B
mixtures (λexc = 340 nm, total concentration is always 3 μM).
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revealed a straight line (Figure 2b and SI, Figure S12)
indicating the absence of energy transfer.54,61 The
same behavior was also found for Apolar, Amp2, and
Bola1 showing no exchange of molecules between the
nanoparticles in solution, and disclosed the formation of
separate, stable particles, as already found earlier for
Bola1.41 In contrast, the Amp3 system showed no
energy transfer for the fresh aqueous solution but
energy transfer was observed after annealing. After
annealing, the donor emission is halved for the 90:10
(Amp3-N/Amp3-B) mixture pointing to the formation
of mixed nanoparticles (vide infra).1 In the case of
Bola2-B/Bola2-N, energy transfer is already observed
before annealing showing ready dynamics between
particles at room temperature (Figure 2). Overall, these
data reveal that the more apolar systems remain self-
sorted after annealing while the polar ones (three out
of four side chains are polar, Scheme 1) show dynamics
between the self-assembled particles (Table 2). Since
the radius of these particles is not changing after
annealing this process most likely occurs via exchange
of monomers (Scheme 2, SI, Figure S13).40

To study the dynamics and self-sorting within a
single particle, nanoparticles were prepared by mixing
N and B derivatives with similar side chains in THF
before injection into water and subsequent annealing
(Scheme 3, method B).54 Energy transfer occurred in all
cases (Figure 3 and Table 2). A representative evolution
of the fluorescence spectra of mixed nanoparticles of

Amp1 by changing the ratio between donor and
acceptor is given in Figure 3a. At already low concen-
tration of acceptor molecules, a pronounced decrease
of Amp1-N emission (donor) took place, while simul-
taneously the emission of Amp1-B (acceptor) was
enhanced. Interestingly, for all systems the energy
transfer in the mixed nanoparticles resulted in an en-
hancement of the fluorescence of the B acceptor
molecule at low incorporation ratios, more than dou-
bling the emission compared to pure benzothiadiazole
nanoparticles (Bola2-B; SI, FigureS14). Most likely the
enhancement is caused by energy transfer from the
naphthalene donors to isolated benzothiadiazole ac-
ceptors while for higher percentages of acceptors
aggregation (i.e., self-sorting) takes places and there-
fore quenching occurs.54 A gradual red shift of about
12 nm in the acceptor emission was observed with
increasing concentration of Amp1-B, which is caused
by nanoparticles with a certain degree of self-sorting.54

These observations pointed to the formation of mixed
particles. Although theN andB derivatives display only
minor changes in size and shape, self-sorting always
takes place which might be due to the difference in
torsion angle between the fluorene and the central
aromatic coreN (71�) andB (40�).53 Remarkably, for the
polar Bola2 nanoparticles the same decrease in donor
emission intensity independent from the preparation
method was observed (SI, FigureS15 and FigureS16)
revealing that highly dynamic self-assembled particles
are formed at room temperature and that the final

TABLE 2. Summary of the Donor Intensity of Nano-

particles in Water Composed of 90% Donor and 10%

Acceptor Fluorene-Based Co-Oligomersa

donor intensityd

donorb acceptorb method Ac method Bc

Similar Wedges and Similar Tailsb

Apolar-N Apolar-B 1 0.01
Amp1-N Amp1-B 0.9 0.01
Amp2-N Amp2-B 1 0.04
Amp3-N (fresh) Amp3-B 1
Amp3-N (ann.) Amp3-B 0.3 0.08
Bola1-N Bola1-B 1 0.1
Bola2-N Bola2-B 0.5 0.5

Similar Wedges and Distinct Tailsb

Amp2-B Amp1-B 0.09
Amp3-B Amp1-B 0.4

Distinct Wedges and Similar Tailsb

Apolar-N Bola1-B 0.5
Amp1-N Bola1-B 0.3

Distinct Wedges and Distinct Tailsb

Bola2-N Bola1-B 0.9

a Donor intensities close to 1 reveal separate particles while donor intensities much
smaller than 1 reveal mixed particles. b See Scheme 1. c See Scheme 3. d The donor
intensity is corrected for the dilution of the donor with the acceptor (total con-
centration is always 3 μM).

Figure 3. The dynamics and self-sorting of nanoparticles
prepared bymethod B. (a) Emission spectra ofmixedAmp1-
N/Amp1-B nanoparticles in water as pure Amp1-N (blue
curve) followed by 0.5% Amp1-B, 1% Amp1-B, 2% Amp1-B
(gray curves), 10% Amp1-B (green curve), 25% Amp1-B
(gray curve) mixtures, and pure Amp1-B (orange curve),
after annealing. The inset shows a photograph of the yellow
greenish fluorescence of a solution of mixed nanoparticles
(95: 5, Amp1-N/Amp1-B). (b) The naphthalene donor emis-
sion intensity (normalized, at λ = 424 nm) for different N/B
mixtures (λexc = 340 nm, total concentration is always 3 μM).
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outcome of the self-assembly process is determined by
thermodynamic parameters (Scheme 2).

Our results show that with method A, there was no
exchange of molecules between the particles for the
systems Apolar, Amp1, Amp2, and Bola1 (Scheme 2)
while Bola2 and Amp3 nanoparticles behaved differ-
ently, as they were dynamic and the exchange of
molecules between particles took place. This behavior
indicates that kinetic self-sorted48,49 particles were
formed for the more apolar systems (Apolar, Amp1,
Amp2, and Bola1). For the polar Bola2 nanoparticles
the same decrease in donor emission intensity inde-
pendent from the preparation method was observed.
Further, Amp3 showed exchange of monomers be-
tween particles after annealing, revealing for both,
Bola2 and Amp3, dynamic nanoparticles (Scheme 2).
The fluorescence data obtained by method B sug-
gest the formation of mixed particles with a certain
degree of self-sorting.54 It appears that small differ-
ences in the design of amphiphilicmolecules can result
in tremendous differences in the stability, dynamic
and the self-sorting properties of our fluorescent
nanoparticles.

Dynamics and Self-Sorting Properties of Self-Assembled
Nanoparticles of Two Chromophores with Distinct Side Chains.
Finally, the dynamic and self-sorting behavior of the
self-assembled aqueous nanoparticleswith bicomponent
nanoparticles consisting of N and B derivatives con-
taining different tails and wedges (Scheme 1) has been
investigated. Remarkably, separate donor N and ac-
ceptor B nanoparticles in water were formed by inject-
ing a mixed THF solution containing Bola1-B/Bola2-N
(Scheme3,methodB). The fluorescence intensity showed
a linear dependence as the donor and acceptor ratio was
altered (Figure 4a, SI FigureS17), revealing that no energy
transfer occurs. Remarkably, although the nanoparticles
are prepared by method B (Scheme 3, mixed THF stock
solution) separate nanoparticles were formed. This self-
sorting between particles is likely a result of the dynamic
behavior of the polar Bola2-N at room temperature.
Since Bola1-B and Bola2-N have different tails, the
degree of self-sorting is more pronounced in compar-
ison with N�B systems that have similar side chains,
leading to separate N and B particles. By using the
same method, we have also mixed acceptor Bola1-B
with donor Amp1-N and Apolar-N, which have similar
tails but differentwedges. After annealingweobserved a
nonlinear decrease in intensity of the donor N emission
for both mixtures in which the decrease was less pro-
nounced than for the Bola1-B/Bola1-N nanoparticles hav-
ing the same side chains (Figure 4a, SI FigureS18). Further-
more, we found a red shift in the acceptor Bola1-B emis-
sion already at low percentages of acceptor (Figure 4b)
which is caused by aggregation of Bola1-B resulting in a
less efficient energy transfer process. Interestingly, the
normalized donor N emission intensity decreases less
for Bola1-B/Apolar-N compared to Bola1-B/Amp1-N

(Figure 4a) indicating that the degree of self-sorting of
Bola1-B is higher in theApolar-Nparticles inwhich the
differences in polarity of the wedges is totally altered
(Scheme 1 and Table 2).

We alsomixed the amphiphilicAmp1-B intoAmp2-N
and Amp3-N compounds, which have the same wedges
but different tails on the fluorene moieties. The data also
indicate mixed particles in which the degree of self-
sorting within the particles can be controlled by the
nature of the tails (if the number of different tails is
higher, the degree of self-sorting is also higher, Table 2
and SI, FigureS19 and FigureS20). The self-assembly of
nanoparticles consisting of π-conjugated oligomers
having different side chains caused self-sorting, result-
ing either in the formation of domains within particles
or in the formation of separate nanoparticles depend-
ing on the dynamic behavior of the self-assembled
π-conjugated oligomers (Scheme 2).

CONCLUSION

We have designed, synthesized, and fully character-
ized 12 rod�coil fluorescent oligomers that vary in
polarity via nonpolar, amphiphilic, bola-amphiphilic, to
polar, containing either a naphthalene or a benzothia-
diazole aromatic core. We have demonstrated that the
side chains ofπ-conjugated oligomers play a key role in
the size, stability, fluorescence, dynamic, and self-sorting
properties of self-assemblednanoparticles. In general, the
fluorescent quantum yield and stability decreased
while the dynamics increases when using more polar
fluorene derivatives. In the case of bicomponent systems,
the exchange of molecules took place between particles
only for the most polar fluorene oligomers. Furthermore,

Figure 4. (a) The emission intensity (normalized, at λ =
424 nm) of the donor N and (b) the shift of the emission
maximumof acceptor Bola1-B for differentN/Bola1-Bmixtures
and ratios (method B, total concentration is always 3 μM).
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depending on the preparation method, self-sorting
particles or more randomly mixed particles could be
produced in fluorene derivatives having the same side
chains. In the case of oligomers having different side
chains, self-sorting took place either between particles or
within a single particle in which the degree of self-sorting
can be controlled by the number of different side chains.
In general the final properties of the nanoparticles de-
pend highly on the preparation protocol in cases where
the dynamics between and within the particles is slow.

These novel findings show that by appropriate de-
sign of side chains, dynamics and self-sorting behavior
of these particles can be tuned making it possible to
construct stable, adaptive, highly fluorescent nanopar-
ticles that only show dynamics within particles. Our
results not only are important for the development of
nanoparticles but also give guidelines for the design of
side chains of π-conjugated systems to prepare multi-
component nanomaterials with desired macroscopic
properties.

MATERIALS AND METHODS
Synthesis and Characterization. Full details of the synthetic pro-

cedure are given in the Supporting Information togetherwithNMR
and MALDI TOF mass spectrometry characterization data.

Preparation and Characterization of Nanoparticles. The nanoparti-
cles were prepared by injecting 15 μL of 1 mM THF stock
solution into 5mL of water, which results in a 3 μMnanoparticle
solution. Annealing was performed by heating the sample to
90 �C and cooling down to 20 �C. UV�vis, PL, and CD spectra
were measured on a Jasco V-650 spectrophometer, a Jasco
FP-6500 spectrofluorometer, and a JASCO J-815 CD spectrometer,
respectively. The optical density of the samples for fluorescence
measurements was below 0.1. Solutions were measured in a
liquid cell with a 1 cm path length for UV�vis and 1 mm path
length for fluorescence at room temperature. Absorption, emis-
sion, and CD spectra for all nanoparticles and compounds in
THF can be found in the Supporting Information (Figure S1�S4
and Table S1). Dynamic light scattering experiments (DLS) were
performed on an ALVCGS-3 Compact Goniometer, in the angu-
lar range of 25 to 151 degrees. The incident beamwas produced
by a HeNe laser operating at 532 nm. The intensity signal was
sent to an ALV5000 digital correlator, using a typical acquisition
time of 100 s for each angle. The nanoparticle solutions were
prepared via the reprecipitation method as described before
followed by a filtration via a 0.4 μm pore size cellulose filter to
remove dust particles. The calculation of the particle size dis-
tribution for all nanoparticles was performed using CONTIN fits
(SI Figure S5 and Table S2). Visualization by transmission
electron microscopy (TEM) was done with a Technai G2 Sphera
by FEI, working at a voltage of 200 kV on a CCD chip of 1024 �
1024 pixels. Samples were prepared by dropcasting a 3 μM
solution of nanoparticles on a carbon film on a 400 squaremesh
copper grid for 2 min. TEM images for Amp1-B, Amp2-B, and
Amp1-B/Amp2-B (9/1) can be found in the Supporting Infor-
mation (Figure S6). Small-angle X-ray scattering (SAXS) mea-
surements were performed at the Dutch�Belgian BM26B
beamline at the ESRF in Grenoble (France). An X-ray photon
energy of 10 keV and a sample-to-detector distance (S-to-D) of
7 m were used, which allows a “q- range” of 0.05 nm�1 < q <
0.9 nm�1, where q is the momentum transfer vector, related to
the angle of incidence (θ) andwavelength (λ) of the X-ray. At the
sample position, the collimated beam was focused with a
typical cross section of 0.3 � 0.3 mm2. The SAXS images were
recorded using a 2D multiwire gas filled detector. The positions
of diffracted peaks from standard Silver Behenate and rat tail
collagen samples were used in order to calibrate the experi-
mental q-range. The sample solutions were contained in 1 mm
borosilicate capillaries. Standard data reduction procedures,
that is, subtraction of the empty capillary contribution, correction
for the solvent absorption and dark current etc.were applied. SAXS
profiles ofApolar-B,Amp1-B, andBola1-B solutions can be found
in the Supporting Information (Figure S7�S9). The critical aggrega-
tion concentration (CAC) of the particles was determined by a
previous reportedmethod41 using nanoparticles containingboth a
naphthalene derivative, as an energy donor, and benzothiadiazole,
as an energy acceptor in a ratio of 95: 5. Upon dilution, the energy
transfer efficiency was measured. At a certain point an increase

of the blue donor emission relative to the yellow acceptor
emission was observed, revealing that the nanoparticles started
to disassemble, reflecting the CAC (SI Figure S10 and S11).

Preparation and Characterization of Self-Assembled Nanoparticles of
Two Chromophores. Energy transfer studies were done using
naphthalene derivatives as energy donor and benzothiadiazole
as acceptor molecules. Nanoparticles were prepared in two
different ways (Scheme 3). In the first method, two THF stock
solutions of both compounds were injected into water and the
resulting aqueous solutions weremixed (method A) and second, a
premixed THF stock solution containing both oligomers was
injected into water (method B). The total chromophore concentra-
tion remained constant in both cases and the solutions were
annealed. The emission spectra from separate nanoparticles of
Apolar, Amp1, Amp2, Amp3, Bola1, and Bola2 nanoparticles in
water (c = 3 μM) after annealing prepared by method A are found
in SI Figure S12. The emission spectra of Apolar, Amp1, Amp2,
Amp3,Bola1, andBola2nanoparticles inwater (c=3μM) for fresh
and annealed samples prepared from mixed nanoparticles
(method B) are shown in SI Figure S14. The emission spectra of
self-assembled nanoparticles of two chromophores with differ-
ent side chain are represented in SI Figures S17�S20.
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