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ABSTRACT: We report the synthesis of conjugated polymer nanoparticles carrying stable luminescent radical units. These
monodisperse conjugated radical nanoparticles can be tuned in their diameter over several hundred nanometers. They are stable in
aqueous medium and highly luminescent in the red and near-infrared spectra, representing a powerful future tool for bioimaging.
Moreover, the polymer nanoparticles exhibit paramagnetic properties, making them highly suitable for dual-mode optical and
magnetic resonance imaging. In this study, we investigate their synthesis as well as optical and magnetic properties, and use quantum
mechanical calculations to elucidate the effect of the conjugated polymer backbone and electron-withdrawing substituents on the
electronic properties of the open-shell molecule in the polymer network of the particles.

1. INTRODUCTION
Light-emitting radicals that have been functionalized with
electron donor moieties represent an interesting class of open-
shell materials with high photoluminescence quantum yield1

(ϕ) and potential susceptibility to magnetic fields.2−4 The
doublet spin properties in these open-shell emitters evade the
unfavorable formation of dark triplet states, thus making
luminescent radicals promising emitters for next-generation
organic light-emitting devices.5−7 Besides their excellent
optical performance, the unpaired electron of these radicals
also introduces exceptional conductivity and magnetic proper-
ties that are interesting for their application in spintronics,8

batteries,9 organic field-effect transistors,10 organic mag-
nets,11−13 and imaging applications.14 However, for most
relevant imaging techniques, the radical species needs to be
transferred into polar solvents such as water. Here, the excited
charge-transfer (CT) state, from which emission occurs
becomes stabilized by the polar medium and the oscillator
strength drops significantly, deteriorating ϕ of the luminescent
radicals. By contrast, locally excited (LE) radical emitters
exhibit low quantum yields per se, apart from being hardly

soluble in polar solvents. One solution for this problem is to
treat the light-emitting radicals in the form of nanoparticles.
Tris(trichlorophenyl)methyl (TTM) radicals have previously
been shaped into nanoparticles simply by reprecipitation into a
bad solvent, leading to a broad size distribution of particles that
suffer from aggregation.15 This problem can be prevented by
encapsulating crystallites of TTM-based radicals into the core
of block-copolymer micelles.16 When TTM is functionalized
with 3-bromo-N-carbazole as a donor (CzBr1-TTM), block-
copolymer stabilized nanoparticles are obtained, with a
reported ϕ of up to 18.6% as compared to the TTM particles
with around 2%. When the nanoparticles consist of pure
aggregated or crystallized radicals, the observed fluorescence is
dominated by excimer emission and aggregation-induced



quenching can be observed. Thus, in both studies, the best
emission characteristics are observed when the radical is doped
into a matrix of their closed-shell equivalent to improve the
fluorescence properties of the particles. To gain better control
over the inter-radical spacing, it would be beneficial to
incorporate the radical emitters into a polymer backbone,
facilitating better inter-radical spacing and a more amorphous
particle morphology. This approach would potentially increase
the absorption cross-section, while facilitating energy transfer
from an absorbing backbone into the radical emitter units.
Such a process could be realized by incorporating the radical
unit into conjugated polymer nanoparticles. Typically,
conjugated polymers are functionalized with solubilizing alkyl
groups to prevent aggregation in solution and emission
quenching in the solid state. Conjugated polymer nanoparticles
(CPNs) can be obtained through polymerization of soluble
monomers in a solvent, in which the resulting desired polymer
is insoluble. A variety of different preparation methods has
been brought forward to control the sizes of the CPNs;17−21

however, only dispersion polymerization22−27 yields particles
of sufficiently low dispersity to allow their application in the
fields of photonics28,29 and bioimaging.30−34 CPNs have been
reported to exhibit high photostability, as well as excellent
biocompatibility.35−37 However, to date, no open-shell
monomers have been employed in these dispersion polymer-
izations, and it remains unknown whether the radical nature
could survive the reaction conditions of transition-metal-
mediated C−C cross-coupling reactions. Incorporation of
open-shell monomers into CPNs could open up completely
new particle features and render CPNs paramagnetic. Such
luminescent radicals would exhibit unique electronic and

magnetic characteristics, induced by the doublet spin
configuration. These all-organic radical CPNs could present
highly promising building blocks for photonic devices that are
responsive to external electric and magnetic fields, as well as
biomedical imaging probes with contrast in optical and
magnetic imaging techniques.

Here, we synthesize monodisperse conjugated polymer
particles with a Cz-TTM-based radical comonomer. We
show that the unpaired electron on the TTM remains intact
during Suzuki−Miyaura C−C cross-coupling polymerization.
We verify the applicability of this approach by varying the
particle size and characterizing the stability as well as the
optical and magnetic properties of this new class of conjugated
polymer nanoparticles. Moreover, we show that the particles
remain fluorescent with ϕ of up to 5.3% also in aqueous
medium.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of the Open-

Shell Monomer. To incorporate open-shell TTM motifs into
CPNs, we first have to develop a suitable TTM monomer that
can engage in transition-metal-mediated C−C cross-coupling,
for example, Suzuki−Miyaura coupling. The stable and
luminescent 2,7-dibromo-4-N-2,6-(dichlorophenyl)bis(2,4,6,-
trichlorophenyl)methyl (CzBr2-TTM) radical carrying two
bromide groups appears as a favorable choice for an open-shell
monomer (see Figure 1). Its synthesis is straightforward by
coupling commercially available 2,7-dibromo-carbazole with
TTM.38 Unfortunately, this rigid and nonpolar monomer is
hardly soluble in alcohols, which is a requirement to obtain
monodisperse nanoparticles during dispersion polymerization.

Figure 1. Schematic illustration of the employed monomers and the mechanism of dispersion polymerization to obtain monodisperse CPNs.



The introduction of flexible octanoyl groups at the 3 and 6
positions of the carbazole moiety by Friedel−Crafts acylation
improves the solubility of the molecules in alcohols
significantly (see Scheme S1). During the acylation reaction,
we obtain the desired open-shell monomer with one (oct-
CzBr2-TTM) and two octanoyl chains (bisoct-CzBr2-TTM)
(see Figure 1). The two products can be separated by column
chromatography, delivering both molecules as pure com-
pounds. It is found that the bis- and mono-acylated molecules
are soluble in 1-propanol, the solvent of choice for dispersion
polymerizations of CPNs. Because of the electron-withdrawing
nature of octanoyl substituents, the emission wavelength of the
CzBr2-TTM-based monomers is shifted to higher energies
with an increasing number of acyl groups. While the small

amount of CzBr2-TTM that is soluble in 1-propanol emits at
685 nm, the emission of bisoct-CzBr2-TTM is hypsochromi-
cally shifted to 615 nm (see Figure S1a). The emission of the
CzBr2-TTM-based radicals is strong with ϕ of around 40% (in
cyclohexane) and in the orange to deep red spectral region.38

The introduction of acyl chains to the carbazole unit does not
affect the quantum yield significantly; only a slight decrease in
ϕ to 32 and 23%, respectively, is observed. The photo-
luminescence lifetime (τ) decreases considerably with the
attachment of the acyl units. While CzBr2-TTM has a lifetime
of 36 ns in toluene solution, the lifetimes of bisoct-CzBr2-
TTM and oct-CzBr2-TTM reduce to 13.7 and 3.9 ns in 1-
propanol solution, respectively (see Figure S3a). All molecules
exhibit a monoexponential fluorescence decay. The decrease in

Figure 2. (a) Particle diameter synthesized from oct-CzBr2-TTM (red) and bisoct-CzBr2-TTM (orange) versus the initial ratio of the open-shell
monomer. The overall monomer concentration is kept constant at 7.3 mM. The SEM images show the improving shape and monodispersity with
an increasing amount of radical monomer. An increase in particle size is observed for oct-CzBr2-TTM as a monomer, while no clear trend can be
derived for the CPNs synthesized from bisoct-CzBr2-TTM. The scale bars in the SEM images represent 2 μm. (b) The particle diameter versus
initial monomer loading at a constant initial radical ratio of 25 mol % oct-CzBr2-TTM and bisoct-CzBr2-TTM, respectively. At monomer
concentrations above 9.9 mM, secondary nucleation occurs; consequently, bidisperse CPNs are obtained. This is shown by the empty symbols,
representing the diameter of the particles formed by secondary nucleation. The scale bars in the SEM images represent 2 μm. (c) Evolution of the
particle size over time. The overall monomer concentration is set to 7.3 mM with 25 mol % of oct-CzBr2-TTM. The data in the top graph is
collected from the SEM images, while the data in the bottom graph is obtained from DLS measurements. Both data sets show a similar course for
the particle growth, but the values differ by ca. 100 nm, indicating that the particle will be slightly swollen when dispersed. (d) Photoluminescence
spectra of CPN dispersions in 1-PrOH synthesized with different initial radical monomer contents of oct-CzBr2-TTM and bisoct-CzBr2-TTM in
mol %. The inset shows a photograph of a radical CPN dispersion under UV light synthesized with the same parameters as used for the kinetic
study.



τ compared to CzBr2-TTM will derive from the additional
electron-withdrawing nature of the octanoyl chains, which
reduces the CT character of the excited state. CT states are
common for donor−acceptor-type molecules like carbazole-
substituted TTMs and are known for their long τ. However,
oct-CzBr2-TTM exhibits an even shorter lifetime than bisoct-
CzBr2-TTM, which is not in line with the CT state argument.
A second mechanism, namely, the reduction in symmetry for
the mono-acylated molecule, is most likely evoking this
significant reduction in τ.39,40 The reduction in symmetry
from C2v to C1 causes formerly forbidden transitions by the
optical selection rules to become symmetry-allowed, thus
leading to a decrease in the photoluminescence lifetime.
2.2. Particle Synthesis and Characterization. We

perform dispersion polymerization with both the mono- and
the bis-octanoylated radical monomers and adapt the
previously reported protocols to our open-shell monomers.22

As comonomers, we employ phenylenes with bromine and
boronic acid functionalities (see Figure 1). These monomers
do not absorb or emit in the visible region, thus preventing
spectral overlap of the resulting backbone with the red
emission of the open-shell radical emitters. We add 1,3,5-
tris[(pinacolato)boryl]benzene as a cross-linker to create an
immiscible 3-dimensionally connected network inside of the
particles. With this set of comonomers, we conduct Suzuki-
type dispersion polymerization in accordance with previously
es tab l i shed reac t ion condi t ions us ing te t rak i s -
(triphenylphosphine)palladium(0) as the catalyst and potas-
sium tert-butoxide as the base.22 Poly(vinylpyrrolidone-co-vinyl
acetate) and Triton X-45 are added as stabilizers, thus avoiding
aggregation of nuclei and particles during as well as after
polymerization.22 All reagents are dissolved in 1-propanol
under an inert argon atmosphere and heated to 70 °C to
initiate the reaction. At a critical molecular weight, the growing
polymer chains become insoluble in the solvent and phase
separation occurs, resulting in the nucleation of particles.
Subsequent particle growth is facilitated by a combination of
surface polymerization and crosslinking as well as condensation
of polymer chains formed in solution onto the surface of the
growing particles (see Figure 1).23,41

To gain full control over the reaction and to tune the
properties of the obtained CPNs, we vary the radical content as
well as the combined monomer concentration in the reaction
mixture. An increase in the particle size is observed for higher
ratios of the open-shell oct-CzBr2-TTM to the other
monomers (see Figure 2a). At an overall constant monomer
concentration of 7.3 mM and less than 20 mol % of oct-CzBr2-
TTM, no CPNs are formed. At 20 mol %, few particles form;
however, these are polydisperse. Only at oct-CzBr2-TTM
contents greater than 20 mol % do the resulting CPNs become
monodisperse. Especially, particles with the highest possible
amount of 50 mol % radical are perfectly spherical with a
dispersity of only Đ = 0.05 (d = 638 ± 36 nm), allowing them
to assemble into hexagonally arranged colloidal crystals (see
the inset of Figure 2a). Overall, we can vary the diameter d of
the obtained monodisperse particles across a range of ca. 250
nm using ratios between 20 and 50 mol % (see Figure 2a).
This indicates that if higher radical ratios are applied, the
addition of the open-shell monomer evokes phase separation
to occur at an earlier stage of the reaction�a prerequisite for
uniform particle nucleation and growth. The particle size is
also dependent on the overall monomer concentration. Using a
constant oct-CzBr2-TTM to the overall monomer ratio of 25

mol %, the size of the resulting particles can be doubled by
increasing the combined monomer loading from 4.4 to 11 mM
(see Figure 2b). Concentrations below 7 mM deliver CPNs
that tend to aggregate due to their high surface-to-volume ratio
at such small sizes. By contrast, at very high concentrations of
11 mM and above, apparently secondary nucleation occurs,
resulting in bidisperse or polydisperse sets of particles. The
best results for monodisperse CPNs are obtained at monomer
loadings between 7 and 9.9 mM (see Figure 2b). We carry out
the same experiments using bisoct-CzBr2-TTM as a
comonomer for CPN synthesis. However, the particles
obtained from this comonomer are not as monodisperse as
those made using the mono-acylated oct-CzBr2-TTM
comonomer. The reason for this is most likely found in the
better solubility of bisoct-CzBr2-TTM compared to oct-
CzBr2-TTM. Mediated by the second octanoyl chain,
polymers with incorporated bisoct-CzBr2-TTM will exhibit
augmented solubility, and thus phase separation and nucleation
will be delayed and occur at higher molecular weights. In a
step-growth polymerization, this is associated with less well-
controlled particle growth, leading to irregular size and shape
of the particles, as observed in Figure 2a. For the series of
particles synthesized with an overall combined monomer
concentration of 7.3 mM, spherical and monodisperse particles
could only be obtained for some isolated radical concen-
trations, making it difficult to describe a trend for their change
in size dependent on the radical concentration. Similar to the
monooctanoyl radical monomer, the bifunctionalized bisoct-
CzBr2-TTM delivers larger particles for higher overall
monomer loadings. Concentrations from 6.6 to 10 mM deliver
a steady increase of the particle diameter. Higher concen-
trations again entail secondary nucleation, leading to bi- and
polydisperse distributions of particle diameters (see Figure 2b).

To investigate the reaction kinetics more closely, we focus
on oct-CzBr2-TTM and perform the reaction with a combined
monomer concentration of 7.3 mM and a radical ratio of 25
mol %. We take aliquots from the reaction mixture at dedicated
points in time. The aliquots are quenched in cold 1-propanol
to stop the polymerization. After purification of the aliquots by
repeated centrifugation and redispersion in fresh 1-propanol,
their particle diameters are determined in the dispersed state
by dynamic light scattering (DLS) and in the solid state by
scanning electron microscopy (SEM). Both characterization
methods describe a similar trend for the growth of the particles
(see Figure 2c). Nuclei will have formed almost immediately,
and we observe the steady growth of the particle diameter over
an interval of 300 min. We consider the reaction to be
completed at around 100 min, but we record an additional
timepoint after 24 h to display that marginal to no change in d
occurs, indicating that the reaction is indeed over after t ∼ 100
min (see Figure 2c). Interestingly, the DLS data display a
particle size that is around 100 nm bigger compared to the
diameters found in the SEM images. Typically, DLS gives
greater values than SEM analysis simply because the Stokes−
Einstein diameter determined by DLS includes the solvation
envelope of the particles.42 However, the difference of 100 nm
in d cannot be coming from this solvation effect alone,
indicating that the particles will be slightly swollen in 1-
propanol, which also adds to the diameter (see Figure 2c).

Regardless of their size, all particles exhibit red photo-
luminescence when illuminated with light of suitable excitation
wavelengths. The photoluminescence spectra of the particle
dispersions in 1-propanol made from oct-CzBr2-TTM exhibit



two bands when excited at 380 nm: a weak band at 450 nm
and a strong signal between 655 and 690 nm (see Figure 2d).
The blue signal can either derive from the polymer backbone
emission or originate from the emission of the closed-shell oct-
CzBr2-TTM-H monomer that could form during polymer-
ization. However, the fact that the blue emission diminishes
with increasing loading of the radical comonomers indicates
that the emission will not come from the closed-shell oct-
CzBr2-TTM-H, as then this band should rise. Instead, the blue
emission band decreases indicating that it stems from
incomplete energy transfer from the backbone to the radical.
This shows that the TTM-based radical monomers are stable
during dispersion polymerization and the open-shell emitters
are indeed incorporated into the CPN. The combined blue
emission of the backbone and the red emission from the
radical unit at low radical ratios appears pink to the naked eye
(see the inset Figure 2d). The red emission lies well within the
biological transparency window (NIR-I window) ranging from
650 to 950 nm, making these CPNs highly suitable for
bioimaging.43 The ratio of radical to the other monomers does
not influence the emission color of the CPNs substantially (see
Figure 2d). CPNs tend to exhibit lower ϕ compared to their
monomers due to unavoidable quenching within the closely
packed structure of the particles.44 While our monomers
exhibit ϕ of 23−32%, the CPNs in 1-propanol made from both
monomers, oct-CzBr2-TTM and bisoct-CzBr2-TTM, exhibit
increasing ϕ between 0.7 and 5.3% when raising the radical
monomer ratio from 10 to 50 mol %. These values are
therefore among the best for red-emitting radical nanoparticles
and only second to the very high value reported for
nanoprecipitated Cz-TTM nanoparticles stabilized using
block copolymers.16,44

2.3. Photoluminescence Decay and Stability. Since
conventional CPNs are less prone to photobleaching
compared to particles loaded with commercial dyes,26 we
believe that this feature is also preserved for our radical dye-
containing particles. Hence, we compare our radical CPNs
with a loading of 50 mol % oct-CzBr2-TTM to commercial
polystyrene latex particles loaded with rhodamine B, with d =
500 nm. We monitor the photoluminescence of three
individual particles for each sample over the course of 70 s
using confocal microscopy (see Figures 3a and S2). All three
latex particles bleach faster than the radical CPNs. We have
calculated the irradiation dose required to reduce the original

luminescence to 50% (D1/2). It can be clearly seen that D1/2 of
the radical CPNs is approximately twice as large as for the
rhodamine-loaded polystyrene particles (see Table S1), thus
confirming the superior photostability of the radical CPNs
compared to commercial dye-doped polystyrene particles (see
Figure 3a). This characteristic is highly important for future
applications in bioimaging as high photostability enables longer
and more reliable particle tracking. To test whether these
particles can be taken up by cells, we incubate J774A.1 cells
with the same CPNs as used for the former photostability
measurements. We monitor the uptake of the red-fluorescing
particles by the macrophage via confocal microscopy, while the
cell membrane has been stained using CellBrite NIR750 (a
cytoplasmic membrane dye from Biotium). The uptake of the
particles by the cell begins immediately after the addition of
the CPNs to the cells. We verify the successful uptake via
confocal microscopy showing that several CPNs are located
within the macrophage after only 3 h of incubation (see Figure
3b), while most studies apply an incubation time of 12−24 h
before imaging.45−48 These results confirm that the CPNs
represent powerful contrast agents for fluorescence imaging
with high biocompatibility.24,26,28 Besides photostability,
representing the fluorescence decay over the course of minutes
due to photooxidation, we also investigate the photo-
luminescence lifetime of the particles. The average photo-
luminescence lifetimes τav are determined for the particles
using a biexponential fit for the decays, as more than one decay
mechanism seems to take place after photoexcitation (see
Figure S3 and Table S2). While all CPNs exhibit τav in the ns
range, CPNs synthesized with increasing amounts of radical
comonomers exhibit a slight decrease in τav (see Figure 3c).
Depending on the radical content in the particles, τav for
bisoct-CzBr2-TTM containing CPN are found between 6 and
7 ns, while the CPNs based on oct-CzBr2-TTM exhibit τav
between 2 and 3 ns (see Table S2). The shorter τav in the
particles as opposed to the monomers may be a consequence
of the more rigid environment, thus restricting vibrational and
rotational degrees of freedom during the D1 → D0 relaxation.
2.4. Quantum Mechanical Calculations. We perform

quantum mechanical unrestricted Kohn−Sham density func-
tional theory (UDFT) calculations and optimize the geometry
of the excited D1 and ground D0 state. For the optimization of
the D0 geometry, we employ a uB3LYP functional with a 6-
31+G* basis set.49−52 The geometry of the D1 state is obtained

Figure 3. (a) Photoluminescence intensity of radical CPNs made from 50 mol % oct-CzBr2-TTM (red) and latex reference particles loaded with
commercial red dye (blue) as a function of time. Both particle dispersions are illuminated with a 5.1 mW CW-laser at 561 nm and three distinctive
particles of both batches are recorded over time. The straight lines show an exponential fit of the data. The inset shows a confocal image of the
stable aqueous dispersion of the luminescent open-shell CPNs. (b) Confocal image showing the uptake of the red-fluorescing CPNs by
macrophages labelled in blue after 3 h of incubation. The scale bars in the confocal images represent 10 μm. (c) Photoluminescence lifetime of
radical CPNs with different initial radical loadings. The dotted lines are the lifetimes of the monomers oct-CzBr2-TTM (red) and bisoct-CzBr2-
TTM (orange).



from time-dependent DFT (TD-DFT) calculations also using
a uB3LYP functional with Tamm−Dancoff approximation
(TDA) and the same basis set.53,54 The monomers show large
changes in the dihedral angle between the carbazole donor and
the directly connected phenyl ring of the trityl radical, when
comparing the ground and the excited state (see Figure S4).
This rotation will require time during the relaxation from D1
→ D0. Successive addition of octanoyl chains to the carbazole
donor leads to smaller changes in the dihedral angle between
the ground and excited states and therefore during the D1 →
D0 transition.
We attempt to show the decreased geometrical change of the

radical unit in the polymer network by DFT calculations;
however, this is very challenging. While the monomers can be
easily modeled in our computational study, the complex
structure of the polymer network within the particles is beyond
the scope of such calculations. Hence, we simulate the
polymeric structure using a representative fragment, as
shown in Figure 4a. Depending on the open-shell monomer
employed, either one or two octanoyl chains are attached to
the carbazole unit. The D0 and D1 geometries of the two
polymer fragments are obtained using the same basis sets and
functionals as for the monomers. By comparing the dihedral
angles between the Cz moiety and the directly connected
phenyl ring of the TTM motif in the ground and excited states,
the changes in geometry can be deducted for each molecule
(see Table S3). The trend of smaller dihedral angles for
successive octanoyl functionalization as observed in the
monomers is also observed in the polymer fragments.
However, within a polymer matrix, these rotations will be
obstructed due to steric constraints of the surrounding
polymer network, leading to reduced τav in the particles
compared to the monomers. The steric hindrance that will
occur in the real-world polymer network cannot be modeled
here due to the linear and small nature of the employed
fragment and since larger fragments would become computa-
tionally too expensive (see Table S3).
Moreover, we perform single-point calculations using the

long-range corrected uLC-ωPBE functional and the 6-31+G**
basis set to gain a better insight into the electronic properties
of the molecules.53 Compared to standard exchange−
correlation functionals like B3LYP, the long-range-corrected
uLC-ωPBE functional is supposed to deliver more accurate
results for molecules in the excited CT state.55,56 The

electronic properties of the excited states are calculated by
TD-DFT calculations with TDA. These calculations confirm
that the red-colored emission can only derive from the D1 →
D0 transition, as all other electronic transitions are associated
with higher energies. Hence, it can be concluded that the
doublet nature is retained during the emission process. Using
this functional, we are also able to depict the natural transition
orbitals (NTOs) for the D0 → D1 transitions. It can be clearly
seen that neither the monomer nor the polymer fragments
exhibit a discrete CT state (see Figure 4b). As expected, the
hole is located on the donor unit; however, it also spreads
across the trityl moiety. By contrast, the electron is only
located on the trityl unit. The electron-withdrawing octanoyl
groups reduce the donor strength of the carbazole unit and
therefore evoke a hybridized local and charge-transfer (HLCT)
state. Interestingly, the HLCT behavior is observed in the
small molecular monomer units as well as for the radicals
within the polymer fragment. This similarity corroborates that
the radicals behave as individual emitters and no delocalization
into the conjugated backbone occurs.
2.5. Magnetic Properties of the Particles. This

localization of the radical electron to the trityl TTM unit of
the radical monomer is further confirmed by electron
paramagnetic resonance spectroscopy (EPR). Our radical
CPNs exhibit a single intense electron spin resonance signal
with g values close to the free electron.57 The peak-to-peak
linewidth of the CPNs account for 7 and 10 G, respectively
(see Figure S5). These rather broad signals are typical for solid
samples caused by anisotropy effects. If the electron was
delocalized over the carbazole unit, the interaction with the
nitrogen atom would result in hyperfine splitting, which is not
observed in our systems (see Figure S5).58 This localization
can be understood, when consulting the SOMO obtained from
DFT calculations, where the radical electron is clearly confined
to the trityl part of the small molecules and polymer fragments
(see Figure S6). It has been shown that covalent organic
frameworks (COFs) constructed from regularly assembled
trityl radicals exhibit paramagnetic behavior due to the
unpaired radical electron.13 We now want to check, whether
our amorphous arrangement of radical emitters will display
similar characteristics. We determine the magnetization (M) of
CPN with 50 mol % of oct-CzBr2-TTM using a vibrating
sample magnetometer (VSM) at room temperature. M
increases linearly for small applied fields, while approaching

Figure 4. (a) Chemical structure of the model compound that was used for computational studies to simulate the polymeric structure within the
CPNs. Depending on the open-shell monomer used for the particle synthesis, the fragment with either only one or two octanoyl groups is used. (b)
Illustration of calculated electron and hole NTOs of the D1 state in oct-CzBr2-TTM and bisoct-CzBr2-TTM and their corresponding polymer
fragments at the TD-DFT level with TDA, using an uLC-ωPBE functional and a 6-31+G** basis set.



saturation at a magnetic field of 14 000 G and a magnetic
moment of ∼0.017 emu/g, indicating the paramagnetic nature
of our radical CPNs (see Figure S7). However, for some trityl-
based COFs, magnetic exchange coupling between the radical
centers has been observed.59,60 To ascertain whether exchange
coupling is also present in our CPNs, we perform temperature-
dependent magnetization studies using superconducting
quantum interference magnetometry (SQUID). M is deter-
mined at various fields, while heating the sample from 2 to 300
K. Plotting M against the applied magnetic field H reveals that
the same increase in magnetization as already seen for room
temperature measurements is found also at a lower temper-
ature, whereby the increase is more pronounced for low
temperatures (see Figure 5a). At room temperature, the
sample already approaches saturation at applied fields of 2000
Oe, which is not the case for lower temperatures. (see Figure
5a). Additionally, the temperature-dependent magnetic
susceptibility (χMT) is plotted against the temperature (T)
to further elucidate the magnetic properties of the CPNs (see
Figure 5b). χMT increases gradually when increasing T from 2
K to room temperature and saturates at a value of 0.32 cm3 K/
mol. Unlike several other radical species, our CPNs do not
undergo any change or transition within the χMT versus T plot,
indicating the absence of strong ferromagnetic or antiferro-
magnetic interaction.61 This can be further confirmed by the
χM versus T plot, which does not exhibit a transition either and
thus indicates the absence of magnetic interaction between the
radical centers, confirming the paramagnetic nature of our
CPNs (see Figure S8). The absence of the magnetic
interaction could be due to relatively large distances between
the radicals in our CPNs, allowing them to act as isolated spin
centers.

3. CONCLUSIONS
We present the synthesis of monodisperse conjugated polymer
nanoparticles carrying light-emitting radical units. These CPNs
show exceptional optical as well as magnetic properties.
Besides their high photostability and ϕ of up to 5.3% within
the biological transparency window, the particles also exhibit a
paramagnetic ground state induced by the unpaired electron
spin. Because of these features paired with the outstanding
biocompatibility of CPNs, our particles bear great potential as
contrast agents for simultaneous tracking by magnetic
resonance imaging and fluorescence imaging. First in vitro
cell uptake experiments confirm their potential for biological
applications. In the future, this radical CPN system will on the
one hand enable more accurate diagnostics and might on the

other hand also represent interesting building blocks for
quantum technological applications. The CPNs can also be
surface functionalized with specific biological or supra-
molecular recognition motifs for targeted imaging of
pathological sites26,62 or to enable precise self-assembly into
programmed architectures.29
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