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ABSTRACT In recent years, non-conjugated organic luminophores are receiving considerable
interest from the scientific community, offering new conceptual basis for the development of
alternative photoluminescence-based technologies. In this work, the polymerization of 3,4-
dihydropyran was exploited for the preparation of non-conjugated photoluminescent polymer

nanoparticles. Remarkably, excitation-dependent multicolor emission ranging from blue to yellow



was observed both in solid and in solution. In contrast with similar materials, this behavior was
not attributed to aggregation-induced emission, but rather to the presence of independent, non-
interacting chromophores located on the polymer structure. Structural and optical characterization
along with further chemical modifications suggest that the emission is related to the presence of
acetal groups formed by ring-opening polymerization. In addition, it was shown that the removal
of unsaturated structures could enhance the photoluminescence quantum yield of the polymer
(QY) up to 0.20 (Aex =355 nm). This work provides a new type of non-conjugated organic

luminophore with both high QY and multicolor emission.

Introduction

Luminescence, resulting from the relaxation of an excited state to a ground state via the emission
of a photon, nowadays finds widespread uses for the most disparate applications in the chemistry,
biology and medicine fields. While the most common and studied class of luminescent materials
are undoubtedly planar organic molecules with extended n-conjugated structures, many other types
of luminescent materials are based on organic aromatic polymers,' rare earth-based organic
complexes,? fluorescent proteins,’ semiconductor nanoparticles* and carbon nanomaterials with
extended aromatic domains.>® A common feature for the aforementioned emitters is that the
chemical structures, as well as the electronic transitions involved, are well-understood. With
respect to purely organic luminophores, structure planarity, electron delocalization and unoccupied
p-orbitals are considered essential features for the observation of luminescence. Nonetheless, in
2001, in their work on PAMAM (poly(amidoamine)) blue fluorescence, Larson and Tucker
proposed the existence of non-traditional intrinsic luminophores (NTIL), i.e., organic compounds

displaying emission in absence of aromatic structures.” While the exact mechanism behind this



phenomenon is not yet understood, it was proposed that the clustering of electron-rich groups
enables a through-space conjugation via n—r* transitions, which is at the origin of this type of non-
traditional luminescence.® The immobilization of the electron-rich groups into rigid structures is
an effective way to promote the radiative relaxation over the non-radiative one and can be achieved
by different strategies, such as molecules aggregation, covalent crosslinking or substrate
immobilization.” Lately, in conjunction with the emergence of new classes of nanostructures, such
as carbon dots (CDs)!° and carbon polymer dots (CPDs),'""!2 the interest in NTIL has increased
enormously, as these materials are highly fluorescent and present many potential advantages over
traditional dyes, especially in terms of photostability, cost and ease of production. Therefore, the
identification of new NTIL as an alternative to conventional dyes is extremely desirable and
several types of polymeric NTIL have been discovered. Those containing amide groups are
probably the most widespread;'®!!"!3"1 in fact amide is able to provide rigidity to the structure,
thanks to both the partial sp’ character of the C-N bond and the ability to form strong H-bonds,
and, in specific conditions of rigidity, it can act as chromophore and emissive center.?’
Additionally, other types of NTIL have been studied, including polyanhydride,"?
poly(aminoester),>* poly(maleic anhydride-alt-vinyl acetate),?!** poly(urea),”> poly(urethane),?
poly(nitrile),?” poly(thioethersulfone),?® poly(siloxane)?® and poly(alkylborate).*® Even in absence
of a sp’-hybridized carbon, such as in the case of poly(ethyleneimine)*!** and poly(ethylene
glycol),>** fluorescence emission was detected. Nevertheless, in the case of poly(ethylene glycol)
high concentrations of material were required for the enhancement of the emission and only blue
fluorescence was observed. This phenomenon has been ascribed to the clustering and rigidification
of the polymer chains at high concentrations, which force oxygen groups to stay in close contact,

producing the electronic clouds overlapping responsible for the emissive state.>> In this context,



we focused our attention on dihydropyran polymer nanoparticles and report studies of their optical

properties, as well as their synthesis and characterization.

In terms of synthesis, cationic polymerization of cyclic vinyl ethers has been explored in
the past.>® In particular, the monomers 2,3-dihydrofuran (DHF) and 3,4-dihydro-2H-pyran
(DHP) can polymerize in presence of a Lewis acid via double bond opening.>’*! Although this is
the only reaction mechanism resulting in polymerization of DHF, other side reactions can also
take place for DHP. As a result, DHP gives polymers that are shorter than DHF and with more
heterogeneous structures. A detailed study regarding the polymerization of DHP was published
by Kamio et al. in 1966, where the poly(dihydropyran) infrared spectrum revealed the presence
of carbon-carbon double bonds and aldehyde groups in the polymer structure.** Therefore, it was
concluded that, besides propagation via double bond, the DHP polymerization could also
proceed via ring-opening reactions. With the aid of NMR spectroscopy, more recent studies
supported those conclusions, although without providing a deeper structural analysis of the

polymer.*?

Interestingly, the polymeric nanoparticles synthesized and studied in the current work were
found to be intrinsically photoluminescent both in solid and dilute solutions. Moreover, they
display excitation-dependent multicolor emission ranging from blue to yellow. The relationship
between these features and the chemical structure was further explored by means of physical

characterization methods and chemical modification.

Results and Discussion

Synthesis, size and structure of PolyDHP. The polymerization of DHP was carried out at

room temperature using AlCls as initiator and dichloromethane as solvent. The reaction does not



require inert or anhydrous conditions and the work-up is simple. By increasing the amount of
initiator, the reaction is accelerated, but no changes in the polymer size or in the structure were
observed (Figure S1, Figure S2 and Table S1). Other acid initiators were also tested, such as p-
toluenesulfonic acid and trifluoroborane etherate, and polymeric products with comparable
structures were obtained (Figure S3). The mass of PolyDHP was estimated by size-exclusion
chromatography, obtaining a Mn of 9.8 x 107 with a dispersity (D) value of 1.7. This result was
confirmed by MALDI mass spectrometry, which detected the presence of polymer chains with
mass-to-charge ratios comprised between 779.52 and 1049.71 Da/e (Figure S4). The low
molecular weight found is comparable to the values reported in previous studies®>** and
corresponds to chains with an average length of about 10 repeat units. The height of the polymer
nanoparticles was measured by AFM (Figure 1). The height profile reveals that the polymer
consists of nanoparticles with an average size of 2-3 nm. DOSY analysis of polymer solutions
ranging from 2 to 20 mg/ml were also performed (Figure S5). The hydrodynamic radius
calculated for the less concentrated sample is 2.5 nm and it increases by increasing the
concentration, suggesting that aggregation takes place in solution. Notably, no signal of smaller

organic compounds was detected by DOSY.
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Figure 1. (a) AFM picture and (b) profiles of PolyDHP.

Structural elucidation of PolyDHP was achieved by means of infrared spectroscopy (IR),
nuclear magnetic resonance spectroscopy (NMR) and X-ray photoelectron spectroscopy (XPS).
In the infrared spectrum (Figure 2b), the vibrational modes related to aliphatic ethers can be
recognized. The bands at 2937 and 2850 cm™! correspond to the C-H stretching of bonds
involving carbons that are, respectively, not bonded and bonded to oxygen atoms. The
vibrational bands centered at 1450 cm™ correspond to the C-H bending. C-O-C stretching
produces multiple bands at 1080 and 1023 cm™ (asymmetric mode) and 911 and 867 cm’!
(symmetric mode), whose positions are characteristic of cyclic ethers. Finally, the small bands
centered at 1689 cm™ could be related to sp” carbon, possibly belonging to traces of single
alkenes on the polymer structure. '"H NMR, APT and HSQC NMR spectra of PolyDHP (Figures
2c, 2d and 2e) reveal the presence of two different structures composing the polymer chain. In
the 'H NMR spectrum, the signals between 2.5 and 1.0 ppm correspond to hydrogens bonded to

aliphatic carbons without oxygen neighbors, while the signals between 4.0 and 3.0 ppm are



relative to hydrogens bonded to carbons with oxygen neighbors. Both these groups of signals are
supporting the presence of the repeat unit A (Scheme 1), which is the expected product of the
polymerization via double bond opening. Nevertheless, if the entire polymer consisted only of
this structure, the ratio between the intensities of the two sets of proton signals would be of 5:3,
while in the recorded spectrum it is closer to 2:1. Furthermore, a third type of signal, not
attributable to the repeat unit A, is found at 4.5 ppm in the 'H spectrum and at 99 ppm in the
APT spectrum and it unambiguously reveals the presence of the acetal group. Acetal formation
can only be explained by the occurrence of a ring opening reaction, where the DHP oxygen acts
as nucleophile towards a living carbocation and the resulting oxonium cation is neutralized by
further cleavage of the DHP C-O bond. Interestingly, through this mechanism a carbon-carbon
double bond is introduced in the polymer skeleton and its involvement in further polymerization
would produce a branching point, depicted in Scheme 1 as repeat unit B. As a first
approximation the entire polymer can be described as comprising two repeat units, indicated in
Scheme 1 as A and B, generated respectively by double bond addition and a ring-opening
reaction. Starting from this assumption, an estimation of the ratio between repeat unit A and
repeat unit B was attempted. Knowing from the 'H signals integration (Figure 2C) that the
proportion between the three types of protons is 41:19:1, and that the number of acetal’s protons
corresponds the number of repeat units B, an A/B ratio between 5 and 6 was calculated (see page
S12 of Supporting Information for details). However, it should be noted that this value is based
on the hypothesis that no other structure is present on the polymer, which is not completely

accurate.
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Figure 2. (a) Repeat units of PolyDHP with color assignment, (b) infrared spectrum, (c) '"H NMR
spectrum in CDCls, (d) APT NMR spectrum in CDCl; and (e) HSQC spectrum of PolyDHP in

CDCl.

In fact, the very weak signals observed between 5.3 and 4.8 ppm in the proton spectrum could
belong to traces of the alkene precursors of the repeat unit B, as well as the stretching band at
1689 cm™ in the IR spectrum. The characterization by XPS spectroscopy confirmed the polymer
structure inferred by NMR and IR. It can be noticed from the XPS survey (Figure 3a) that the
sample consists purely of carbon and oxygen elements. Chlorine is present only in traces and the
absence of aluminum proves the effectiveness of the work-up procedure (Figure S7). The
quantitative elemental analysis (Table S2) reveals that the DHP carbon/oxygen ratio of 5 to 1 is
preserved in polyDHP, thus excluding addition or elimination of water or other molecules during
the polymer formation. The Cls peak deconvolution (Figure 3b, Table S3) produces four
components, corresponding to: a) carbon bonded to carbon only (284.46 eV); b) tertiary carbon
bonded to oxygen (285.25 eV); ¢) secondary carbon bonded to oxygen (286.00 eV); d) acetal
carbon (287.40 eV). The Ols deconvolution (Figure 3c, Table S3) reveals only two types of
oxygen: an ether oxygen at 532.36 eV and an acetal oxygen at 533.30 eV. All together, these
data are in agreement with the copolymer structure formed by the repeat units A and B of

Scheme 1.
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Figure 3. (a) XPS survey, (b) Cls and (c) Ols of PolyDHP.

Optical properties. PolyDHP optical properties were studied by electronic absorption, steady-
state and time-resolved photoluminescence spectroscopy. The nanoparticles are
photoluminescent both in solution and powder form (Figure 4a and Figure S8). In the absorption
spectrum of PolyDHP in THF, a broad absorption window is observed extending from the UV
spectral region to over 500 nm (Figure S9), while the photoluminescence excitation spectrum
shows a clearly defined band, which is attributed to an electronic transition upon photoexcitation
that gives rise to the observed luminescence. A moderate apparent shift is observed between the
excitation and emission band maxima, for example, the photoluminescence emission maximum
is at 445 nm when the excitation band maximum is at 360 nm. Furthermore, the wavelength
maximum of the observed emission was found to be dependent on the excitation wavelength,
which would not be anticipated if a single emissive state were present. Figures 4b and ¢ show
normalized excitation and emission spectra obtained upon detecting and exciting at various
wavelengths (for full map see SI, Figure S10). A shift between maxima of excitation and
emission band, between 60 — 110 nm (AvV = 4000 — 7500 cm™") depending on the excitation

wavelength, is observed. Consequently, emission wavelength tuning can be achieved in the blue
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to yellow region on varying excitation wavelength, as illustrated through the CIE color space

diagram in Figure 4d.
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Figure 4. Excitation wavelength-dependent photoluminescence of an optically dilute solution of
PolyDHP in THF. a) Photographs of a solution of PolyDHP in THF at different excitation
wavelengths; b) Normalized excitation spectra at different detection wavelengths, from 380 to 520
nm, in 20 nm increments (0.1 mg/ml); ¢) Normalized photoluminescence spectra at different
excitation wavelengths from 280 to 420 nm, in 20 nm increments (0.1 mg/ml); d) Evolution of the
emission color of PolyDHP with the excitation wavelength as visualized in the CIE color space.
(Excitation ranges: EEMI = Aex =290 —470 nm; EEM2 =370 —-550 nm at twofold higher

concentration).
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Photoluminescence intensity was found to be linearly proportional to concentration under 0.64
mg/ml, suggesting the absence of aggregation-induced emission in this concentration range
(Figure S11). In order to gain further insights into the nature of the emitting state, time-resolved
spectroscopy was performed at varying temperatures in THF and at room temperature in
hexanol, a solvent showing relatively slow solvent reorganization dynamics. Figure 5a shows the
evolution of the emission of a reference coumarin-481 (C481) dye on the sub-nanosecond
timescale.** The solvent retards reorganization and relaxation of the excited molecule,
accompanying a changing dipole and/or geometry, and as a result a red shifting of emission
during the lifetime of the excited state is clearly seen. In contrast, the polymer emitter shows
essentially no spectral shifting neither in hexanol (Figure 5b) nor in THF (Figure 5¢). From this
result we can tentatively suggest that for the emissive polymer: a) there is no major charge or
structural reorganization between ground and excited state of the emitting species; b) efficient
electronic energy transfer does not occur between polymer chromophores following excitation.
Indeed, this observation is consistent with the presence of multiple, independent and orthogonal
chromophores suggested by the observation of the excitation wavelength dependence on

emission.
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Figure 5. a) Photoluminescence emission of C481 in hexanol at different times (t) post-excitation
(Aex = 355 nm); b) Photoluminescence emission of PolyDHP in hexanol at different times (t) post-
excitation (Aex = 355 nm); c¢) photoluminescence emission of PolyDHP in THF at different times
(t) post-excitation at room temperature (Aex = 355 nm); d) Photoluminescence decays of PolyDHP
at varying temperature in the range 278 — 330 K in THF (Aex = 355 nm) measured in spectral region

425 — 475 nm. Asterisks indicate Raman scattering signals.

It is widely known that in some cases the aggregation of NTIL can greatly affect their emission
intensity.?>**7 If the emitting species is effectively a supramolecular aggregate, varying
temperature may be anticipated to affect the structural organization and rigidity and consequently
the emission. For a given chromophore, the photoluminescence quantum yield is inversely
proportional to the radiative decay rate and hence proportional to the luminescence lifetime.
Thus, luminescence lifetime can be considered a powerful tool to probe changes of an emissive

state, devoid of artifacts linked to emission intensity measurements over a range of temperatures
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such as, for example, changing refractive index or light scattering. As shown in Figure 5d,
relatively short (circa 1.5 ns) emission decays at varying temperatures in the range 278 — 330 K
in THF follow a non-exponential decay and show only very small variations with temperature in
this range. Equally, the emissive species were found to give unchanging emission in aprotic
THF, DMF and protic ethanol, with a slight red-shift in chloroform (Figure S12). Therefore,
PolyDHP photoluminescent behavior does not rely on weak intermolecular interactions forming
supramolecular aggregates and it should be rather ascribed to the individual polymer
nanoparticles. Recently, several works reported the existence of NTILs displaying
phosphorescence in solid state.** In here, PolyDHP solid power and a frozen THF solution (77
K) were characterized by time-resolved spectroscopy, but no long component could be detected
and the characteristics times remain consistent with combinations of numerous fluorescence

signals (Figure S13).

Investigation on the chemical structures responsible for photoluminescence emission.
Determination of whether the observed photoluminescence emission is intrinsically related to the
described polymer structure, rather than a more classical description of an organic fluorophore, is
crucial for further understanding of the phenomenon. In principle, traces of a highly emissive
conjugated dye could be present below the detection limit of NMR spectroscopy and still be
responsible for the photoluminescence emission. In this scenario, it would be anticipated that the
dye would exist and emit also in the unbounded form, i.e. not attached to the polymer structure.
Column chromatography on silica gel was performed to eliminate any unbound dye using an
elution gradient, from pure ethyl acetate to ethyl acetate/methanol (9:1, v/v). In fact, despite the
low polarity of the repeat unit, PolyDHP nanoparticles have high affinity for the stationary phase

because of the large number of intermolecular interactions between polymer and silica, and they
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can be displaced only by a highly polar eluent. Instead, a hypothetical low-molecular weight dye
is expected to have higher affinity for the mobile phase even at lower polarity. Nevertheless,
only a single photoluminescent product was collected from the column and, by SEC and NMR
analysis (Figure S14 and S15), it was found to correspond to the polymer whose structure and
size were previously described, excluding the possibility of a molecular dye as the origin of the
photoluminescence emission. Equally, emission wavelength dependent on excitation wavelength

1s not a behavior associated with small molecule emitters.

In order to get more hints about the chemical structures originating the photoluminescence
emission of PolyDHP, a comparison with poly(2,3-dihydrofuran) (PolyDHF) was made. 2,3-
dihydrofuran (DHF) was polymerized in the same way as for DHP and after purification a solid
white powder was obtained. The structure was confirmed by 'H and '*C NMR (Figure S16).
From these spectra it is clear that the polymerization of DHF proceeds exclusively via double
bond opening, as already ascertained in previous studies.*’ The photoluminescence emission
maximum of PolyDHF was found at 420 nm for Aexc = 350 nm. Nevertheless, the emission of
PolyDHF is negligible (Figure S17), suggesting that the photoluminescent structures are formed
from reactions occurring during PolyDHP polymerization but not during PolyDHF
polymerization. As ascertained by the previous structure characterization, the polymerization of
PolyDHP proceeds not only by double bond opening but also by ring opening, which is reflected
in the presence of acetal groups. Therefore, the influence of this moiety on the
photoluminescence emission was investigated. PolyDHP was dissolved in
methanol/dichloromethane, 1:1 (v/v) and an excess of p-toluenesulfonic acid was added.
Subsequently, the acid was removed and PolyDHP was isolated and characterized. This

procedure allowed the cleavage of acetal groups, as shown by the absence of the characteristic
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resonance attributed to an acetal in the '"H NMR spectrum of PolyDHP after the treatment
(Figure S18). Interestingly, acetal cleavage resulted in a drastic reduction of the
photoluminescent emission of the polymer (Figure S19). In fact, the apparent PLQY of PolyDHP
at Aexe = 350 nm passed from 0.07 before cleavage to 0.01 after cleavage. Therefore, this could
be consistent with a determinant role of acetals’ branching points in the achievement of
constrained polymer conformations, where several oxygen atoms, including acetal’s oxygens, are
brought in forced proximity one to each other. As previously reported, the entangled
environment could promote a partial through space-conjugation between oxygens’ lone pairs,
providing new available excited states from where the radiative relaxation occurs.?”>%! Also, it
could be hypothesized that various cyclic and macrocyclic configurations locked by acetal
groups are originated during the polymerization (i.e. by intramolecular polymerization
reactions), which could further increase structural rigidity. In this scenario, acetal cleavage

would provide more conformational freedom to the polymer and decrease oxygens density.

It was reported that besides acetal groups, the ring opening polymerization mechanism can
produce unsaturated side products, i.e., alkenes and carbonyls (Figure S20).*> As observed from
NMR and IR characterization, their presence was found to be minimal in the PolyDHP structure.
Nevertheless, any possible involvement in photoluminescence emission should be investigated.
Chemical treatment of PolyDHP by mixing with an excess of borane-THF complex was
performed, borane being known to react with several types of unsaturated groups. Later, a NaOH
solution was added. After purification and isolation, the resulting material appeared as a pale-
yellow solid powder. Size and molecular weight of the borane-treated PolyDHP (btPolyDHP)
were characterized respectively by AFM and SEC, revealing no changes with respect to

PolyDHP (Figure S21 and S22). Structural characterization was also performed. !'B NMR
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spectroscopy ascertained the absence of boron after the work up (Figure S23). '"H NMR analysis
showed that acetal groups were not affected by the borane treatment (Figure S24). On the
contrary, in the infrared spectrum the weak bands related to alkene stretching modes are no
longer present, confirming that the alkene and/or carbonyl groups reacted with borane (Figure

S25). The removal of unsaturations is reflected in the paler color of the solid (see Figure 6).

Figure 6. (a) PolyDHP in powder under visible (top-left) and UV light (top-middle) and in THF
solution (1 mg/ml) under UV light (top-right), (b) btPolyDHP in powder under visible (bottom-

left) and UV light (bottom-middle) and in THF solution (1 mg/ml) under UV light (bottom-right).

Equally, the emission properties of the polymer are greatly affected (Figure S26). Figure 7
shows the excitation-dependent photoluminescence (PL) quantum yield of the polymer before
and after borane treatment, obtained from a recomposed excitation-emission map (EEM) (Figure
S27). As previously done in the analysis of PolyDHP (Figure 4), optically dilute solutions of two
different concentrations of btPolyDHP were used (resulting in two maps EEM1 & 2), the latter
being two times more concentrated to compensate for the extremely low absorption in the visible

region. The plot was calibrated by a quantum yield value determined by relative method (Figure

17



S28). The similarity of values obtained in the shared spectral region (380 - 470 nm) attests to the
validity of this approach. A net, circa 2-3-fold increase, in emission is observed across the whole
emission spectral region, following the borane treatment. It was further noted that while the
maximal quantum yield was achieved at Aexe = 364 nm for both PolyDHP (® = 0.07) and
btPolyDHP (@ = 0.20), one red-shifted population of green emitters (Aexe = 440 nm; ® =0.12)
becomes more prominent in btPolyDHP as a result of this treatment. These results rule out the
direct participation of unsaturated structures to the photoluminescence emission. Moreover, the
borane treatment could be responsible for further intra- and/or inter-molecular crosslinking at the
expense of these structures. According to this possibility, the higher QY of btPolyDHP with
respect to PolyDHP could be related to the further rigidification of the polymer chains by
crosslinking, which can effectively suppress the vibrational and rotational freedom of oxygen

groups and promote the radiative decay of the photoexcited state.
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Figure 7. PL quantum yield of PolyDHP and btPolyDHP in THF as a function of the excitation
wavelength. (Excitation ranges: EEM1 = Aex 290 — 470 nm; EEM2 =380 — 550 nm at twofold

higher concentration)

Conclusions

Herein we report a new addition to the emerging class of non-traditional intrinsic
luminophores (NTIL), namely a luminescent non-conjugated polydihydropyran (polyDHP)
polymer, consisting of nanoparticles of 2-3 nm average size. Remarkably, discrete excitation
wavelength-dependent emission ranging from blue to yellow is observed even for dilute
solutions. Although a solid theoretical platform for this class of compounds and description of
the emitter in general warrants development, which is beyond the scope of the current work,
experimental evidence gave some indications on the nature of the emitters. Optical spectroscopy
measurements point to a myriad of independent, non-interacting chromophores with sub-
nanosecond lifetimes, which are largely insensitive to temperature and the solvent environment,
thus excluding an aggregation-dependent fluorescence mechanism. Instead, proof-of-concept
experiments suggest the key-role of acetals in the peculiar emissive behavior of PolyDHP, while
the presence of unsaturated side-products formed during polymerization is shown to be
detrimental in terms of quantum yield. These results supply new insights to the understanding of
NTIL-based materials and provide a new strategy for the simple and cheap synthesis of

multicolor photoluminescent polymer nanoparticles.
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