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In this work, the luminescence properties of new materials based on open-shell molecular systems are studied. In particular, we prepared polymeric films
and organic nanoparticles (ONPs) doped with triphenylmethyl radical molecules. ONPs exhibit uniform size distribution, spherical morphology and high
colloidal stability. The emission spectrum of low-doped ONP suspensions and low-doped films is very similar to the emission spectrum of TTM in solution,
while the luminescence lifetime and the luminescence quantum yield (LQY) are highly increased. Increasing the radical doping leads to a progressive
decrease of the LQY and the appearance of a new broad excimeric band at longer wavelengths, both for ONPs and films. Thus, not only the luminescence
properties were improved, but also the formation of excimers from stable and persistent supramolecular radical-pairs was observed for the first time. The
good stability and luminescence properties with emission in the red-NIR region (650-800 nm), together with the open-shell nature of the emitter, make

these free-radical excimer-forming materials promising candidates for optoelectronics and bioimaging applications.

Introduction

The Polychlorotriphenylmethyl (PTM) radicals are considered inert carbon-centered free-radicals thanks to their high chemical
and thermal stability both in solution and in solid state, where their half-life is on the order of decades." This stability, joined with
the unusual physical and chemical properties given by the open-shell electronic configuration, offers the possibility to exploit
these molecules in different ﬁelds,2 with remarkable applications as molecular switches,g"4 molecular wires,‘:“6 mediators in Li/O,
batteries’ or as neutral molecular conductors.? Recently, rising interest has been devoted not only to the electronic and magnetic
behaviour of open-shell materials, but also to their optical and optoelectronic properties.g_12 Indeed, the presence of an
unpaired electron mostly localized on the a-carbon, is responsible for several peculiar characteristics: a doublet electronic
configuration, emission at long wavelengths despite the absence of elongated m-systems, large Stokes shift and emission
lifetimes on the order of tens of ns.* Very recently Peng et al. have reported on the fabrication of the first OLED based on
neutral © radicals,17 in which the use of a doublet emitter, avoiding the formation of singlet and triplet excitons,18 can rise the
upper limit of internal quantum efficiency to 100%. However, there are several limiting factors for the use of these radical
molecules as photoactive species in optoelectronic devices or as luminescent probes for bioimaging applications. For example,
their almost complete insolubility in water hinders their use in biological applications. Another limiting factor is the typically low
value of luminescence quantum vyield (LQY). In fact, there are only few examples in which PTM radical derivatives show a LQY
higher than 0.3 and only in apolar or poorly polar solvents,'®"? while in the solid state the emission is completely quenched.
Moreover, photostability is also a limiting issue, particularly in solution where, for example, the perchlorotriphenylmethyl radical
shows a photoreaction quantum yield of 0.3. In order to overcome these drawbacks, Hattori et al. have recently proposed
different molecular strategies, like the introduction of heteroatoms in the phenyl rings, the formation of coordination complexes
or the substitution of the halogen atoms in the ortho positions.zo_23 These functionalizations allowed to reach values of
photostability in solution hundred times higher than the one of the tris(2,4,6-trichlorophenyl)methyl radical (TTM) (Figure 1),
one of the simplest and most studied inert carbon(—;entered free-radicals.
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Fig. 1. Chemical structure of TTM-aH (ONPs host) and TTM radical (ONPs guest).
A few studies on self-assembled monolayers“’25 or micro-particles26 of PTM radicals have also been reported but, to the best of
our knowledge, no systematic studies are available on the confinement and nanostructuration of radical molecules in solid
organic matrices such as organic nanoparticles. Nonetheless, interesting effects can be expected because of reduced vibrations
and intermolecular interactions responsible for non-radiative decays.27 On the other hand, the formation in the solid state of
emissive supramolecular aggregates like excimers is a very interesting and exploited strategy in order to have a wide emission



able to cover the NIR region,zg_32 but up to now, no examples of excimers based on stable and persistent radical pairs have been
reported. Here, we present a systematic study of the optical properties of an open-shell radical molecule (TTM, Figure 1)
dispersed into organic nanoparticles (ONPs) and in polymeric films. Specifically, we investigate the optical behavior of ONPs
made by the closed-shell and optically neutral tris(2,4,6-trichlorophenyl)methane (TTM-aH) (Figure 1), as well as PMMA films,
both doped with different amounts of TTM.

Results and Discussion

The absorption and luminescence spectra and the LQY of TTM dissolved in THF (solvent used for the preparation of ONPs)
(Figure S1 and Table 1) and in glassy 2-methyl THF at 77 K (Figure S2 and Table 1) were measured, as reference starting points. In
the undercooled solution, the radical exhibits a LQY of 0.72, more than 35 times higher than in THF, indicating that the
confinement in a rigid host can improve the luminescence.

Table 1. Optical properties of TTM radical in THF at room temperature and in glassy 2-methyl THF at 77 K.
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3%, 6.5%, 13%, 26%, 50% in molar ratio) of TTM radical (TTMd-ONPs) were prepared using the re-precipitation method (see SI).
The closed-shell TTM-aH was chosen as the matrix for the ONPs because of its optically neutral behaviour in the range of
absorption and emission of the TTM radical. Moreover, its molecular structure, very similar to TTM, shall grant for good solvation
of the radical molecules, preventing their aggregation and thus reducing the concentration quenching of the luminescence. The
size distribution of the obtained TTMd-ONPs was evaluated via dynamic light scattering (DLS) (see Sl). All samples show
diameters around 100 nm (Figure 2) with a polydispersity index lower than 0.22. Transmission electron microscopy (TEM) images
(Figure 2 and Figure S3) confirm the results obtained via DLS and show the spherical morphology of the obtained ONPs. Z-
potential measurements (Figure 2) give for all the samples negative surface potential values around -45 mV, which are sufficient
to ensure a good colloidal stability of the obtained ONPs aqueous suspensions.

Absorption properties of TTMd-ONPs are quite similar to the ones measured in THF solution, in terms of position and shape
of the band. However, the size of the ONPs determines a strong scattering, particularly at wavelength shorter than 400 nm, due
to the comparable size of the dispersed nanoparticles.
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Fig. 2. Left: Size distribution and Z-Potential for TTMd-ONPs (error bars represent the polydispersity). Right: TEM images for a) 0.5% TTMd-ONPs (100 nm scale), b) 50% TTMd-
ONPs (200 nm scale).
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Correcting the absorption spectra for the scattering contribution was possible using a suspension of pure TTM-aH nanoparticles
with similar size and size distribution as a reference (see S| and Figure S4). This method allows a good estimation of the
absorbance, in particular for highly-doped samples. The corrected absorption spectra and the normalized luminescence spectra
of TTMd-ONPs at different TTM concentrations are reported in Figure 3, and the main properties are summarized in Table 2. The
LQY of the ONPs with low radical doping is strongly improved with respect to the solution. Also not considering the 0.5% TTMd-
ONPs sample, where the error on the absorbance determination (due to scattering correction) could be significant, it is clear that
a rigid environment strongly enhances the emission efficiency giving, at room temperature, values of LQY 10 times higher than in
solution. Very interestingly, for percentages of radical-doping equal or higher than 6.5%, dual emission is observed, with a band



corresponding to the one observed at lower concentrations, and a new broad and structureless band appearing at longer
wavelengths, with a maximum shifting from 645 to 685 nm with increasing radical concentration (Figure 3). This latter band
acquires relative intensity with respect to the other one with increasing percentage of radical-doping, while the total LQY
decreases (Table 2 and Figure 3 and S5). Self-absorption effects can be ruled both for the monomer emission band (for PTM
radicals the DO->D1, HOMO->SUMO, transition is almost symmetry-forbidden, with molar absorptivity values lower than 1000
em*M™) and for the excimer emission band (the samples do not absorb at all in that spectral region).
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Fig. 3. a) Scattering-corrected absorption spectra of TTMd-ONPs; b) Normalized emission spectra of TTMd-ONPs.
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Fig. 4. Normalized fluorescence excitation spectra of TTMd-ONPs registered for emission wavelength fixed at the maximum of the monomer-like emission (a) or at the maximum of
the excimer emission (b).

The long-wavelength emission band can be safely ascribed to the formation of excimers of TTM radicals inside the host ONPs. In
fact, the absorption spectrum is not affected by the concentration of dopant (Figure 3), suggesting a non-interacting ground
state, while only emission is affected, as typical of excimers.>** Moreover, the excitation profile is the same when detecting
luminescence on one emission band or the other (Figure 4): this clearly demonstrates that the ground state is dissociated while
the excited state can be monomer-like or excimer-like. The excimer is of the “preformed” (or “incipient”) type, since diffusion is
hindered by the rigid matrix, so that the interacting molecules must already be close before excitation, even if the interaction
turns on only when one of the molecules in the dimer is excited.®



The emission decays measured for the TTMd-ONPs could not be fitted via single-exponential functions, but at least three
exponentials were needed (Table S1). Since no direct physical meaning could be associated to the three-exponential fitting, we
also performed fittings through a more meaningful function, namely the so-called stretched-exponential function, also known as
the Kohlraush-Williams-Watts (KWW) decay function:*®

I(t) = Ipexp[—(t/70)*] (1)

Here 4 is the relaxation time and 8 is the stretch factor, ranging from 0 to 1. The closer 8 is to 0 the more the function deviates
from a single exponential. The stretched-exponential function is suitable whenever a distribution of decay times or rate
constants is expected, as in heterogeneous samples showing continuous lifetime distributions (rigid solutions, samples where
energy transfer among like or unlike fluorophores occurs, and so on).¥7?%3% | particular, the stretched-exponential decay model
can provide a direct measure of the heterogeneity of the sample. Typically the parameter h = 1/8 is introduced, so that h
increases when the heterogeneity degree increases (8 approaching 0). All the luminescence decays of TTMd-ONPs could be
satisfactorily fitted through the stretched-exponential (see Figure S6) function, giving the results reported in Table S1. In Table 1
we report the h values and the average time constants obtained as:*®

(Y =11+ 1/p) (2)
where I indicates the so-called Gamma function:
I'(z) = f0°° xZ1 eX dx (3)

The average emission lifetimes for the TTM-doped ONPs are always longer than the lifetime obtained in THF solution (Table S1).
In particular, the 0.5%-doped TTMd-ONPs have a lifetime of about 220 ns, that is more than one order of magnitude longer than
the TTM radical in THF solution (~10 ns). Increasing the concentration of TTM, we observe a decrease of the lifetime associated
to the monomer-like emission. This is not surprising, since the increased TTM concentration increases the number of aggregates
and/or incipient excimers, and hence increases the number of potential quenchers for the monomer.*

On the contrary, the average lifetime associated to the excimer emission increases slightly more than linearly with the
concentration (from ~100 ns for the 6.5% TTMd-ONPs to ~700 ns for the 26% TTMd-ONPs), while a decrease is obtained for the
most doped sample (50% TTMd-ONPs, but it should be taken into account that this sample is very weakly emitting, with a LQY on
the order of 2%). This behaviour can be discussed in relation to the excimer/monomer (E/M) emission ratio, given by (see Sl):

Ip _ ke

ok kptg (4)

where k, and k;. are the radiative emission rates of the monomer and of the excimer, respectively; kg is the formation rate of
the excimer; T is the emission lifetimes associated to the excimer. Assuming k;./k, as independent of concentration, the E/M
emission rate is expected to depend on the fluorophore concentration through the product kg tg.

In our case, the observed E/M emission ratio increases roughly quadratically with respect to the concentration (at least up to the
26%-doped sample): since a slightly more than linear dependence is accounted for by the excimer lifetime, we expect kg to
increase less than linearly with the fluorophore concentration. This is not surprising, since a linear increase of kg with the
fluorophore concentration is only expected in the case of diffusion-driven excimer formation.

These results can also be discussed in relation to the specific observed intensities of monomer and excimer emission (see full
discussion in the Sl). In particular, our data suggest that the (less than linear) increase of /¢/n,,s with the concentration up to the
13%-doping (Figure S5) is mostly governed by kg. For higher TTM radical concentration (already starting from the 26% TTMd-
ONPs) the excimer emission is affected by ACQ, leading to a complete loss of luminescence in the pure TTM samples (either
powders or ONPs).



Table 2. Photophysical properties of TTMd-ONPs and TTMd-PMMA films.

Mon-like band® Excimer band®
ONPs . .
(%mol) Aem (M) LQY (tu) () h (tg) (s) h
0.5 565 0.25 2.2:107 1.6 - -
3 567 019 9.5.10°% 1.8 - -
6.5 567 / 645 0.16  5.4-10® 2.8 11107 4.0
13 567 / 655 0.13  8.1.10° 26 54107 4.4
26 572/ 665 0.07 3.0.10° 3.8 75107 15
50 685 0.02 - - 4510% 4.1
Film
(%wt.)
1 566 026  7.510® 1.8 - -
5 572 009 3.610® 1.9 - -
10 574/734  0.04  9.5.10° 23 8.0-10° 6.6
15 572 /732 0.03 1.8-10° 6.1 59107 1.3
20 572/736  0.02 2.5-107 42 46107 34

?LQY determined using Cresyl Violet perchlorate in MeOH (LQY=0.54)* as the reference; the LQY is referred to the total emission, including both emission bands. bfe
Mean luminescence lifetimes, (t), and heterogeneity factor, h= 1/, as estimated through stretched-exponential reconvolution fit analysis of the luminescence decay
of the monomer-like (b) or excimer-like (c) emission band.

The h value associated to the decay of the monomer-like band increases with increasing radical concentration, suggesting an
increased heterogeneity of the monomer-like emissive species for increasing concentration of the emitters themselves. This is
consistent with the fact that, for very low radical amount, the emissive radical is mainly surrounded by TTM-aH host molecules
(low heterogeneity) while, for increasing concentration of radical, each TTM molecule can be surrounded by a variable amount
of TTM-aH host molecules or alike TTM radicals (even if weakly interacting), increasing the heterogeneity. The h value associated
to the excimer band seems more insensitive to radical concentration, even if a specific trend cannot be recognized (it should be
noted, however, that the excimer emission band is partly overlapped to the monomer emission band, so that a contribution
from the monomer emission could affect the measured excimer decay).

The rigid environment offered by the TTM-aH matrix not only helps to obtain good luminescence properties but, thanks to its
shielding effect, also contributes to increase the radical photostability, preventing photodegradation processes. The emission
intensities of monomeric and excimeric bands of deoxygenated 13% TTMd-ONPs aqueous suspension were measured as a
function of time under continuous irradiation at 375 nm, in order to estimate the photobleaching rate. The results were
compared with TTM deoxygenated solution in THF (see Figure 5). The decay of the monomer-like band is characterized by two
components: the first one dominating up to 400 s, which matches the decay of TTM in solution, and a second, slower one,
sensibly contributing at longer times.
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Fig. 5. Luminescence decay of TTM in THF solution (blue points) and 13% TTMd-ONPs water suspension (monomer-like emission band, orange points; excimer emission band, red
points) under continuous irradiation at 375 nm. Inset: luminescence decays of monomeric and excimeric bands of 13% TTMd-ONPs for time > 1h, together with the corresponding
monoexponential fitting curves (black lines).

Two components can be recognized also in the decay of the excimeric band, but in this case the photobleaching is faster than for
TTM in solution, as expected for a dimeric species. The two components in the photobleaching process in ONPs could be due to



the different environment experienced by TTM molecules on the surface of ONPs with respect to TTM molecules in the inner
part of ONPs: more exposed and less hindered the former (leading to faster photodegradation), while completely surrounded by
host molecules the latter (leading to slower photodegradation). The decay curves for times longer than 1 hour (i.e. minimizing
the effect of the faster photodegradation ascribed to the surface effect) were fitted through mono-exponential curves (inset of
Figure 5). The time constant extracted for the monomer-like emission (6.05><105 s) is about twice the time constant estimated for
the excimer emission (3.16x10° s), confirming the dimeric nature of the species emitting at long wavelengths.

In order to determine the role played by the specific host matrix in the luminescence behaviour and excimer formation, and
to investigate the possible use of these radical-based luminescent materials for optoelectronic devices, TTM-doped (1%, 5%,
10%, 15%, 20% wt.) PMMA films were prepared via drop-casting of a TTM/PMMA solution in chloroform on quartz substrates
(see Sl). The normalized luminescence spectra of the TTMd-PMMA films are reported in Figure 6 and the main data are
summarized in Table 1 (raw spectra in Figure S7). The luminescence behaviour is qualitatively similar to what observed for TTMd-
ONPs, with a monomer-like emission for low radical concentration and a dual emission starting from 10% radical doping amount.
For increasing radical concentration, the relative intensity of the excimer emission increases, while the total LQY is strongly
quenched. The excimer emission is centred at ~735 nm, i.e. even more to the red with respect to the excimer emission observed
for the TTMd-ONPs, and no emission shift with the concentration is observed.
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Fig. 6. a) Normalized emission spectra of TTMd-PMMA films with different concentrations of radical. Inset (b): picture of the films under 365 nm illumination (radical
concentration increasing from left to right).

As in the case of radical-doped ONPs, luminescence decays could be fitted via either three-exponential or stretched-exponential
functions (fitting results in Figure S8 and Table S2). The average time constants extracted from the stretched-exponential fittings
are reported in Table 1, together with the values of the h parameter. The behaviour is similar to what reported for radical-doped
ONPs: the lifetime associated to the monomer-like emission is lower than in ONPs but decreases for increasing doping, while the
lifetime associated to the excimer emission has a non-monotonic trend. Analogously, the h parameter relative to the monomer-
like species increases for doping concentration, while the h parameter associated to the excimer behaves non-monotonically.
The qualitative (and almost quantitative) similarity with doped-ONPs is impressive, suggesting that the nature of the matrix
(small organic molecule vs polymer) does not strongly influence the degree of heterogeneity of the sample.

The E/M emission ratio increases roughly linearly with the concentration, suggesting an excimer formation rate barely
dependent on the concentration itself. Consistently, //n,, (Figure S8) barely depends on the TTM concentration.

Although an excimeric emission was observed both in ONPs and in films for high enough radical doping, the position of this

emission band and its evolution with the radical concentration are different for the two matrices. In particular, the PMMA doped
films show a more red-shifted excimer emission and the position does not depend on the TTM amount, while the excimer
emission band of TTM-doped ONPs shifts to the red for increasing doping. The dependence of the excimer emission on the
radical concentration is also different in the two types of samples.
These differences can be connected to the different rigidity of the two matrices (Figure S9). In fact, the rigidity and the size of the
environmental cage (the volume in which guest molecules are trapped) play a major role in determining the properties of an
excimer.*> The formation of an excimer requires the presence of a molecular pair that is not favourably interacting in the ground
state, but that gains energy once one of the two molecules is excited. Reaching the minimum energy for the excimer implies the
relaxation along one or more coordinates, including intermolecular distance (most of all in solution or low-viscosity media),
vibrational and conformational modes. Our experimental data suggest that, in a rigid environment as the ONPs, the excimers are
trapped in more and more stabilized configurations as the fluorophore concentration increases, with a consequent red-shift of
the excimer emission (Figure $9a).* Instead, in a less rigid environment, such as the polymeric films,** relaxation allows to
achieve the minimum energy for the excimer,”**® with a consequent concentration-independent excimer emission located at
lower energy (Figure S9b).



The different dependence of the excimer emission intensity on the fluorophore concentration can also be explained accordingly:
for “trapped” excimers (as in ONPs), the excimer formation rate depends on the fluorophore concentration; for excimers
accessing more degrees of freedom (as in a less rigid polymeric matrix) the excimer formation rate, being dominated by the
relaxation step, barely depends on the concentration.

Conclusions

In conclusion, we demonstrated the possibility to obtain good luminescence quantum yields and long lifetimes, together with
an improved photostability in ONPs and polymeric films doped with the carbon-centered free-radical TTM. For increasing radical
concentration, a red-shifted, broad and structureless emission band appears, safely attributed to excimers of the TTM radical. In
both systems, the lifetime associated to the excimer emission is close to the us timescale, suggesting an almost spin-forbidden
emission transition for the excimer species as due, for example, to triplet radical-pairs.46 In order to validate this hypothesis
further experiment on photo and electro luminescence under magnetic field are in progress. These excimers, observed for the
first time in the case of persistent free-radicals, are promising for bioimaging applications as well as for the fabrication of OLEDs
with high internal quantum efficiency. Specifically, the TTM-doped ONPs allow to overcome the drawback of water solubility of
TTM and increase its biocompatibility47 constituting a good example of nano-bioprobes.48_so. The peculiar electronic structure of
the photoactive radicals provides a perfect scenario for both two-photon excitation and luminescence inside the so-called
biological transparency window (namely between 700 and 1500 nm), most of all if the excimer emission was exploited. Similarly,
the radical-doped polymeric films could be exploited for novel optoelectronic applications, in particular in WOLEDs fabrication, in
which blue emitting host materials are doped with low amount of orange/red emitting guest. In this context, the good LQY, the
high chemical/photochemical stability offered by the rigid environment, the possibility to cover a wide part of the visible range
thanks to the excimer formation and the doublet nature of the emitters, make polychlorotriphenylmethyl radicals a suitable
alternative to heavy-metal complexes.51
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