Air-stable Copolymer Exhibiting Near-Infrared Long-Persistent Luminescence
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Abstract: Organic materials exhibiting long-lasting emission in the near infrared are expected to have
applications in bio-imaging and other areas. Although room temperature phosphorescence and thermally
activated delayed fluorescence display long-lived emission of approximately one minute, organic long-
persistent luminescence (OLPL) systems with a similar emission mechanism to inorganic persistent emitters
can emit for several hours at room temperature. In particular, OLPL with a hole-diffusion mechanism can
function even in the presence of oxygen. However, ionic materials lack long-term stability in neutral organic
host owing to aggregation and phase separation. In this study, we synthesised polymers with stable near-
infrared persistent luminescence at room temperature via the copolymerisation of electron donors and
acceptors. The copolymers exhibit long-persistent luminescence (LPL) at temperatures below the glass
transition temperature and can be excited by approximately the entire range of visible light. LPL properties

and spectra can be controlled by the dopant.

1. Introduction
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Organic materials that display near-infrared (NIR, 700-2,500 nm) persistent emission at room temperature
have attracted attention because of their applications in biological imaging'**, biosensing’, photodynamic
therapy®, and cancer theragnostics’. The long-lived room-temperature emission of organic materials can be
subdivided into: room-temperature phosphorescence (RTP)*!!  thermally activated delayed fluorescence
(TADF)* 12, and long-persistent luminescence (LPL)'3 4. The duration of RTP and TADF is generally shorter
than one minute, because these systems store energy in the triplet excited state and cannot store energy for
long periods because of competing non-radiative deactivation.'> By contrast, LPL is caused by the gradual
recombination of trapped electrons and holes and can extend to photoluminescence that is hours-long because
holes and electrons are stable unless recombined. LPL that follows power-law decay can be clearly
distinguished from RTP and TADF by following exponential decay which is widely observed in organic
materials.'* 1918 In inorganic LPL research, the power-law afterglow is referred to as persistent luminescence,
by consensus of opinion.'* '8 1 Inorganic LPL materials that exhibit NIR emission have potential for
biological applications, but their application is restricted by size limitations and the toxicity of heavy metals.'>
20

Organic LPL (OLPL) systems store energy as charge carriers, similar to inorganic LPL materials.'3 2!-30
Basic OLPL systems comprise electron donors and electron acceptors and generate charge carriers via photo-
induced charge separation between the donor and acceptor interface. After charge separation, as occurs in
organic solar cells, the generated donor radical cations and acceptor radical anions accumulate in the materials.
According to the carrier diffusion mechanism, OLPL systems can be categorised as electron diffusion (n-
type)'3 21> 2324 or hole-diffusion (p-type)®¢ types. Electrons diffuse through the acceptor material after charge
separation when a small amount of electron donor and an excess of electron acceptor materials are mixed (Fig.
1a). By contrast, holes diffuse through the donor materials when electron donor materials are in excess. The
charge recombination process is probabilistic and the rate-determining step in luminescence, thereby leading
to power-law LPL emission.

The highest occupied molecular orbital (HOMO) of the donor and the lowest unoccupied molecular orbital
(LUMO) of the acceptor are important in OLPL material design, because the HOMO-LUMO gap dominates
the emission colour and contributes to the stability of the charge-separated states. After charge separation,
holes are present in the donor HOMO and electrons are present in the acceptor LUMO. If the LUMO level

occupied by one electron are higher than the redox potential of oxygen (—3.5 eV), quenching occurs due to

electron transfer to oxygen. Therefore, p-type OLPL systems comprising shallow LUMO levels are more
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oxygen-tolerant. Oxygen prevention is necessary to obtain high-efficiency LPL, because triplet excitons
produced by charge recombination are quenched by energy transfer to oxygen.?

NIR-OLPL can be accomplished by reducing the HOMO-LUMO gap or adding NIR emitters to the OLPL
system.?? 2 The p-type NIR-OLPLs, that can function even under atmospheric conditions, are anticipated to
be used in future bio-applications (Fig. 1b). However, high-polarity ionic dopants lack affinity with low-
polarity neutral host materials. The thermodynamically unstable mixture results in long-term phase instability
and reduced solvent resistance (Fig. 1c). The affinity problem of multiple materials can be solved by
copolymerisation.’! Copolymers constructed by electron donors and acceptors have reported improved
stability in organic semiconducting devices compared with blend of polymers or small molecules.?!'->

In this study, we report NIR-OLPL copolymers that are constructed by linking a small amount of ionic
acceptor (M2) with a large number of carbazole donors (M1) onto a polymethyl methacrylate (PMMA) main
chain (Fig. 1b). The copolymer that has a low doping concentration possesses LPL in the wavelength range
of 6001000 nm, which can be detected an hour after excitation (~ 1 mW/cm?) with a range of ultraviolet (UV)
to visible wavelengths. The luminescence mechanism of the OLPL copolymer is systematically analysed using
time-resolved spectroscopy. LPL can be observed even in air and at high temperatures. The LPL durations
and wavelengths can be controlled by adding -carrier-trapping dopants and emitter dopants. The

thermodynamically stable NIR-OLPL of copolymers shows promise for applications in autofluorescence-free

in-vivo bio-imaging.

2. Results
2.1. Design, synthesis, and basic physical properties of copolymers.

We developed donor-acceptor nonconjugated copolymers because charge separation does not require
conjugation between the donor and acceptor units. The polymer was modified on a PMMA backbone with
carbazole derivative (M1) as the donor and 2,4,6-tris(methoxyphenyl)pyrylium (MeOTPP™) derivative (M2)
as the acceptor. The copolymers were based on poly(2-(9H-carbazol-9-yl)ethyl methacrylate) (PMCz), which
is deemed suitable as a host matrix in myriad photoelectronic applications**3%. The PMMA backbone provides
a polar environment that enhances the affinity with ionic M2. To determine by the nuclear magnetic resonance
(NMR) that M2 underwent copolymerisation, we used acrylic ester instead of methyl acrylic ester in M2.

4-(4-(Acryloyloxy)phenyl)-2,6-bis(4-methoxyphenyl)pyrylium tetrafluoroborate (M2) was synthesised via
a condensation reaction (Supplementary Scheme 1). PMCz and copolymers (CP1-CP4) were prepared via

free radical polymerisation of the corresponding 2-(9H-carbazol-9-yl)ethyl methacrylate (M1) and different
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amounts of M2 monomers using 2,2'-azobisisobutyronitrile (AIBN) as the initiator and dimethylacetamide
(DMACc) as the solvent (Fig. 1b; a detailed description of the synthesis is provided in Supplementary
Information 3.3). The structures of PMCz and CP1-CP4 were confirmed by 'H NMR and 'H-'H correlation
spectroscopy (COSY) results (Supplementary Fig. 3—6). The multiple peaks at 1.75-2.25 ppm originate from
the hydrogen atom of the acrylic double bond of the copolymers, thereby indicating the successful
copolymerisation between M1 and M2. The newly observed broad peaks at 3.4-5.0 ppm and 6.6-9.3 ppm,
which can be attributed to the methoxy and pyrylium protons derived from the pyrylium moieties present in
the copolymer, provided indirect confirmation of the copolymerisation.

The ratio between M2 and M1 (m/n) and the weight fraction of M2 (@ (M2)) in the copolymers were
calculated from the molar extinction coefficient of monomers and absorbance of copolymers (Fig. 2a; a
detailed description of the calculations is provided in Supplementary Information 3.4). The fraction of the
copolymer originating from M2 was negligible (m/n of CP1-CP4:0.003-0.009). Size exclusion
chromatography (SEC) analysis revealed a gradual decrease in the average molecular weights (M,) and
polydispersity indices (PDI) of copolymers as the proportion of M2 in the copolymer increased (Table 1),
thereby indicating that M2 functioned as a polymerisation inhibitor.

In terms of thermal properties, the thermal decomposition temperatures (74) of the copolymers exceed
270 °C, and the glass transition temperatures (7) fall within the range of 133—147 °C, emphasising their good
thermal and morphological stability (Table 1, Supplementary Fig. 8). Given the absence of any discernible
melting points below 250 °C, these copolymers are classified as amorphous thermoplastic materials.

The spatial separation of the donor and acceptor groups ensured that the redox properties of M1 and M2
remained essentially unaltered before and after polymerisation.?* Therefore, we used the HOMO and LUMO
energies of the monomers to represent those of the respective donor and acceptor moieties in the copolymer
(Fig. 1b, Supplementary Fig. 9). The HOMO and LUMO levels of M2 were both 0.1 eV lower than those of
MeOTPP* because a phenyl acrylate group replaced the 2-methoxyphenyl group. The HOMO of M1 was —5.5
eV, and is 0.2 eV lower than that of mCBP. The energy gap between the donor HOMO and acceptor LUMO
of the copolymers was larger than that of the MeOTPP*/mCBP system, thereby resulting in a red-shift of the

CT emission.
2.2. Optical properties of copolymer films.
The absorption spectra of all the copolymers in DCM solution showed clear features of carbazole, M2, and

weak CT above 550 nm (Fig. 2). All the copolymers (CP1-CP4) exhibited emission at approximately 550 nm,
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corresponding to M2 emission, and weak CT emission at approximately 800 nm in DCM solution. Copolymer
solutions with low w (M2) exhibited a more prominent CT emission compared with that of the solution of 1
wt% M2-doped PMCz (Fig. 2b); this result further supported successful copolymerisation. By contrast,
because of the high CT probability in the solid state, all polymer films exhibited only CT emission at 690, 698,
714, and 732 nm with full widths at half maximum (FWHM) of 128, 122, 157, and 150 nm, respectively. The
photoluminescence quantum yields (PLQY) of CP1-CP4 were 3.5%, 3.1%, 1.3%, and 0.7%, respectively.
The emission spectra were redshifted as the acceptor M2 concentration increased. A similar trend was
observed in the mixture of small molecules, such as MeOTPP/TPBi?® and MeOTPP/mCBP (Supplementary
Fig. 11a). The copolymers exhibited a larger spectrum red-shift than that of the M2/PMCz blend system,
which had the same donor and acceptor concentrations. This effect indicated that the copolymers had a higher
CT probability than that of the small-molecule/polymer blend because of the restricted donor-acceptor
distance and uniform dispersion of the acceptor units.

After photoexcitation, copolymers CP1-CP3 exhibited LPL following power-law emission decay (Fig. 2d).
CP1 and CP2 that had acceptor concentrations below 1 wt% yielded good LPL characteristics, whereas CP4
that had acceptor concentrations above 10 wt% almost quenched the LPL. This trend for the LPL was
consistent with those of small-molecule systems.'3 232 Although the photoexcitation was not strong (365 nm,
1.42 mW, 1 min), the LPL intensity of CP2 remained above 0.1 uW-sr!-m2 at 10 min after excitation. Owing
to the wavelength limitations of the spectroradiometer (380—780 nm) that was used (Supplementary Fig. 2a),
the actual spectral radiance was approximately one-third larger than the value shown in Fig. 2d and
Supplementary Fig. 11b. In contrast to the M2/PMCz blend system, the copolymers demonstrated a more
prominent LPL (Supplementary Fig. 11b). This behaviour could be ascribed to the movement confinement of
pyrylium moieties within the copolymer backbone, that led to a reduction in the charge recombination induced
by molecular migration®®. The LPL intensity and duration of the copolymers depended on the excitation power
and duration (Supplementary Fig. 12) and was consistent with the general characteristics of LPL.

The copolymers could be excited by almost the whole range of visible light, even at 730 nm (Fig. 3). The
relationship between the integrated LPL intensity and the excitation wavelength indicated that the optimal
excitation wavelength was approximately 600 nm. This wavelength corresponded to the CT absorption band
extending up to 750 nm; excitation of the CT band produced charge separation more efficiently than excitation
of the donor or acceptor units. Strong absorption occurred at the film surface for excitation light up to 350 nm
because of the excess donor units in the copolymers, and corresponded to donor absorption. Conversely,

excitation light above 350 nm could reach the interior of the film. When the acceptor units or CT band was
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excited, the host remained transparent at the corresponding wavelength, allowing the excitation light to
interact with a larger population of acceptor moieties or CT band without additional energy transfer processes.
Owing to the negligible absorbance variation of the copolymer film within the 350-550 nm range, which
corresponds to acceptor absorption, excitation within this range resulted in comparable LPL intensities and

durations under equivalent photon flux conditions.

2.3. Emission mechanism of OLPL copolymer films.

The photo-induced charge separation of the copolymer films was confirmed by UV-vis-NIR absorption
spectroscopy (Fig. 4). When charge separation occurred from the donor unit to the acceptor unit, carbazole
radical cations and TPP radicals formed. The absorption spectra of the oxidised and reduced species were
obtained from spectroelectrochemical measurements. The characteristic absorption peaks of the carbazole
radical cation and TPP radical were located at 6002500 nm and 500-600 nm, respectively. After UV
excitation of the CP2 film, two absorption peaks were observed in the delta absorption spectrum, one at 600—
2500 nm attributed to the carbazole radical cation and the other below 600 nm attributed to the TPP radical,
thereby confirming the photo-induced charge separation in the CP2 film.

The OLPL system exhibited fluorescence, TADF, and phosphorescence, in addition to LPL, via charge
separation. Emission decay profiles and spectra were obtained on time scales ranging from nanoseconds to
thousands of seconds to analyse these multiple processes (Fig. 5). At 300 K, two exponential decays
corresponding to fluorescence (in nanoseconds) and TADF (in microseconds), and a power-law decay
corresponding to LPL were observed. The emission peak was located at approximately 690 nm and the spectra
did not change with time, thereby confirming that all emission was from the single CT excited states ('CT),
and the influence of solid-state solvation effects was negligible in the copolymer?® 40,

At 10 K, nanosecond exponential decay corresponding to fluorescence and a few hundred milliseconds
exponential decay corresponding to phosphorescence were observed instead of the disappearance of TADF.
This phosphorescence lifetime of CP2 was consistent with that of M2 (Supplementary Fig. 13b and 14). The
emission peak was approximately 680 nm in all time regions, thereby suggesting that CT emission was the
main emission, but the spectra changed over time. The spectral red-shift within 100 ns—10 us originated from
the emergence of *CT phosphorescence. On the millisecond to second scale, there was an increase in the 600
nm emission component, which corresponded to the local excited triplet state of the acceptor moieties (*LEA).
Although a 3CT energy level was sufficiently low compared with that of *)LE4, impeded charge transfer might

allow simultaneous emission from *LEa and 3CT. In the time region above 1s, the LPL became dominant, and
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an increased intensity above 700 nm was observed. This region corresponded to *CT, where !CT and 3CT
generated by charge recombination could be emitted simultaneously at low temperatures (Supplementary Fig.

15).

2.4. Thermal and air stability of LPL.

The LPL of the copolymer was clearly observed up to the glass transition temperature (7g) (Fig. 6). The
LPL signal was observed even at 400 K, thereby indicating the good thermal stability of the copolymer LPL.
The decreasing trend of LPL from 200 K to 350 K was consistent with steady-state PL, thereby indicating that
quenching was mainly a non-radiative transition in the emission process. By contrast, the LPL was strongly
quenched above T, whereas the steady-state PL exhibited minimal quenching. This effect suggested that the
enhanced mobility of the polymer chains above 7 expedited charge recombination. Accelerated fading of
photo-induced radical cations of aromatic amines in polymers upon reaching 7, has also been reported
previously®.

The copolymer exhibited LPL even in ambient air (Fig. 6¢, 6d). Although the LPL intensity weakened
owing to the energy transfer to oxygen, sufficient LPL could be observed even after one day in ambient air. It
was also possible to record approximately 1 min of NIR-LPL using a commercially available consumer digital

camera (Fig. 6d).

2.5. LPL color adjustment

Further doping of the appropriate carrier traps and emitters can enhance the LPL performance and alter the
emission colour.?? In this study, we used DCM2 and IR780 as additional dopants (Fig. 7). The HOMOs of
DCM2 and IR780 were shallower than those of the copolymers, allowing them to act as hole traps?6. The
addition of DCM2 did not change the LPL spectrum because there was little overlap between the DCM2
absorption and CP2 emission spectra. However, DCM2 could function as a hole-trap, thereby improving the
LPL properties. When IR780 was added, LPL was obtained from IR780 via Forster energy transfer because
of the large overlap between the absorption and CP2 emission peaks. The LPL of the IR780 doped system,
located at 900 nm, was weaker than the actual LPL because of the lack of sensitivity of the detector and should

be higher than that of CP2.

3. Discussion
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In summary, we successfully designed and synthesised donor-acceptor copolymers exhibiting NIR-LPL in
the range of 600-950 nm. Only copolymers with lower M2 ratios demonstrated prominent LPL behaviour.
The copolymer CT absorption enabled excitation even at 730 nm. The direct excitation of the CT absorption
band led to stronger LPL emission, and surpassed the performance achieved by exciting either the host or
dopant independently. The charge separation process was confirmed by UV-vis-NIR spectroscopy. The
emission mechanism of the copolymer was elucidated via time-resolved spectroscopy from nanoseconds to
hundreds of seconds. The copolymer exhibited thermal stability, retaining a clear LPL up to 7. Moreover, the
copolymer exhibited LPL even in air. By doping NIR emitters acting as hole traps, we accomplished LPL
emission at 800—1000 nm. These findings highlight the significant potential of OLPL copolymer systems for

a range of applications, including but not limited to biological imaging and photodynamic therapy.
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Fig. 1 | Emission mechanism and molecular design of OLPL systems. a, Emission mechanism of the p-
type OLPL system in air. Charge separation occurs at the donor/acceptor interface. The charge-separated state
is stabilised by the diffusion of holes through the donor HOMO. The charge recombination exhibits LPL from
the acceptor LUMO to the donor HOMO. The electron transfer to the oxygen is prevented because the LUMO
is deeper than the reduction potential of oxygen (—3.5 eV). b, Design and synthesis method of the NIR-OLPL
copolymer. HOMO and LUMO levels of M1 and M2 were measured by cyclic voltammetry (CV). c,
Schematic illustration of the advantages of the OLPL donor-acceptor copolymer with low acceptor

concentrations. The red dashed line cycle represents the CT state.
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Fig. 2 | Solution and film photophysical properties of OLPL copolymers. a, The UV-Vis absorption
spectra of small molecules 9-MeCz and M2 (top), and polymers PMCz, CP1-CP4 (bottom) in DCM solution
at room temperature. The purple and orange dashed lines represent the position of 343 nm and 490 nm,
respectively. b, Steady-state photoluminescence (PL) of M2, PMCz, 1 wt% M2-doped PMCz (1 wt%
M2/PMCz) in DCM at room temperature and the phosphorescence of M2 in DCM at 77 K (top). Steady-state
PL of CP1-CP4 in DCM solution at room temperature (bottom). ¢, Steady-state PL spectra (top) and LPL
spectra (bottom) of polymer films. d, Emission decay profiles of copolymers (CP1-CP4). Excitation condition

of ¢ and d: 365 nm, 1.4 mW/cm?, 1 min, room temperature, under nitrogen gas.
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Fig. 5 | Time-resolved emission decay profiles and spectra of copolymers.

Wavelength (nm)

a. Emission decay profiles of the copolymer film from 100 ps to 10 ms at 300 K and 10 K. Samples were

excited by the pulsed laser (450 nm, 165 fs, 2 pJ, 25 Hz), and the emission intensity was obtained by the streak

camera (integration 565-825 nm). b. Emission decay profiles of the copolymer film from 10 ms to 10* s at

300 K and 10 K. Samples were excited by LED (450 nm, 14.2 mW/cm?, 1 min) and emission intensity was

obtained by a multi-pixel photon counter. ¢. Time-resolved emission spectra of polymer film at 300 K. d.

Time-resolved emission spectra of polymer film at 10 K. The spectra below 10 ms were obtained from the

streak camera and above 10 ms by CCD. Because of the different excitation conditions and detectors, the two

measurements do not perfectly match the spectra and decays.
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Fig. 6 | LPL stability of copolymer under different conditions. a, LPL decay profiles of CP2 film at
various temperatures (excitation: 450 nm, 14.2 mW/cm?, 1 min). b, Integration LPL intensity (1-5 s, 10-100
s, 100-700 s) and steady-state PL intensity vs. temperature. The red dashed line represents the glass transition
temperature. ¢, LPL decay profiles of CP2 film in nitrogen gas and air (excitation: 365 nm, 1.4 mW/cm?, 1
min). Samples were stored in air for 5 hours or a day. d, Photographs of LPL emission of CP2 film at room

temperature in air.
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Fig. 7 | Photoluminescence properties of copolymer with hole-trap dopant or emitter dopant. a,

Chemical structures of NIR emitter dopants (DCM2 and IR780) and HOMO and LUMO levels and optical
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gaps (OG) of materials. HOMO and LUMO levels were obtained from electrochemical measurements and
OGs were calculated from the absorption edge?’. b, Top: Emission spectrum of the CP2 film and the
absorption spectra of the emitter dopants in DCM solution. The dashed and solid line represent the absorption
and fluorescence spectra, respectively, in solution. Bottom: Steady-state photoluminescence and LPL
emission spectra of DCM2 or IR780 doped copolymer. Due to the weak sensitivity of the spectrometer, the
LPL spectrum of the IR780 doped CP2 could not be obtained. ¢, LPL decay profiles of CP2 and DCM?2 or

IR780 doped copolymer (excitation: 365 nm, 1.4 mW/cm?, 1 min).

Table 1. Characterisation of polymers

Fraction of M2 (wt%) m/n? My PDI®  T49 Tq9
Polymer

Monomer feed  In copolymer® [kg/mol] [°C] [°C]

PMCz 0.00 15.8 2.94 136 286
CP1 0.20 0.59 0.003:1 15.5 2.16 135 270
CP2 0.99 0.86 0.005:1 9.0 1.73 133 301
CP3 4.76 2.17 0.012:1 6.0 1.58 137 299
CP4 20.00 14.44 0.090:1 2.8 1.13 146 293

% Calculated according to the molar extinction coefficient of monomers and absorbance of copolymers at 343
nm and 490 nm; ® Measured by SEC (THF, 35 °C), PS calibration; © Glass transition temperatures (7,) were
measured using DSC under a N> atmosphere with a heating rate of 10 °C/min from room temperature to 250 °C
(Supplementary Fig. 8b) Y Thermal decomposition temperatures (74) were measured by TGA at a heating rate

of 20 °C/min in N> and determined at 5 % weight loss (Supplementary Fig. 8a).
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