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Abstract All-organic thermally activated delayed fluorescence (TADF)
materials have emerged as potential candidates for optoelectronic de-
vices and biomedical applications. However, the development of organ-
ic TADF probes with strong emission in the longer wavelength region
(>600 nm) remains a challenge. Strong m-conjugated rigid acceptor
cores substituted with multiple donor units can be a viable design strat-
egy to obtain red TADF probes. Herein, 3,6-di-t-butyl carbazole substi-
tuted to a dibenzopyridoquinoxaline acceptor core resulted in a T-
shaped donor-acceptor-donor compound, PQACzT, exhibiting red
TADF in polymer-embedded thin-films. Further, PQACz-T self-assembled
to molecular nanoaggregates of diverse size and shape in THF-water
mixture showing bright red emission along with delayed fluorescence
even in an aqueous environment. The self-assembly and the excited-
state properties of PQACz-T were compared with the nonalkylated ana-
logue, PQCz-T. The delayed fluorescence in nanoaggregates was attrib-
uted to the high rate of reverse intersystem crossing. Moreover, an
aqueous dispersion of the smaller-sized, homogeneous distribution of
fluorescent nanoparticles was fabricated upon encapsulating PQACz-T
in a triblock copolymer, F-127. Cytocompatible polymer-encapsulated
PQACz-T nanoparticles with large Stokes shift and excellent photostabil-
ity were demonstrated for the specific imaging of lipid droplets in Hela
cells.

Key words: TADF, dibenzopyridoquinoxaline, nanoaggregates, fluores-
cence imaging, lipid droplets
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Introduction

All-organic thermally activated delayed fluorescence (TADF)
materials have drawn interest recently due to their potential
in high-performance organic light-emitting diodes with
nearly 100% theoretical internal efficiency.!-® Molecules
with a small energy gap (AEst) between the lowest energy
singlet (S1) and triplet states (T;) favour an efficient reverse
intersystem crossing (RISC) process.!4- A small AEst can be
obtained by minimizing the overlap between the frontier
molecular orbitals, i.e., HOMO and LUMO.#-12 In this context,
various design strategies, including donor-acceptor (D-A) or
donor-m-acceptor (D-m-A) architecture, and the introduc-
tion of multiple strong donors or acceptor units with
twisted molecular structures resulting in significant intra-
molecular charge transfer (ICT), have been explored.*10.12-20
However, as low orbital overlap results in weaker oscillator
strength (f), achieving simultaneously high photolumines-
cence (PL) quantum yield and small AEst is challenging.3
Fine-tuning the orbital overlap by the introduction of rigid
or flexible m-spacers has often been used to overcome this
issue.”2122

Recently, efficient blue and green TADF emitters have
been developed employing the twisted D-m-A architec-
ture.?223 However, optimizing the design strategy to obtain
highly efficient red-emitting TADF materials suitable for or-
ganic photovoltaics, sensors, or intracellular imaging still re-
mains elusive.?4-28 The dominance of nonradiative deactiva-
tions at the higher wavelength according to the energy gap
law along with the low oscillator strength due to weak D-A
conjugation limits the efficiency of red TADF emitters.2?
Thus, strong m-conjugated rigid acceptor cores are desired
to provide deep LUMO levels resulting in low bandgap en-
ergy along with suppressed vibrational motions. However,
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strong m—7 stacking interactions may also quench the fluo-
rescence in the aggregated or solid-state.3031

The quenching of emission can be circumvented by in-
ducing twisted molecular structures or by introducing bulky
terminal substituents into the donor/acceptors, thus reduc-
ing the - stacking in the aggregated state.32-36 Herein, we
developed a T-shaped molecular TADF emitter, PQACz-T, us-
ing dibenzo[fh]pyrido[3,4-b]quinoxaline (DBPQ) as a rigid
acceptor and 3,6-di-t-butyl carbazole (DTCz) as a donor. We
anticipated that the introduction of bulky tert-butyl groups
at the 3,6-positions of carbazole would increase the donor
strength and might reduce the m-m stacking in the aggre-
gated state. Comparing with the nonalkylated analogue,
PQACz-T exhibited enhanced red TADF emission in the aque-
ous dispersion of nanoaggregates and thin films. Steady-
state and time-resolved emission measurements coupled
with computational investigations were carried out to eluci-
date the TADF properties. Furthermore, the amphiphilic tri-
block copolymer-encapsulated PQACz-T nanoparticles with
an average diameter of 20 +4 nm were employed for the in-
tracellular imaging of lipid droplets (LDs).

Results and Discussion

The synthetic route of PQACz-T is illustrated in Scheme 1
Friedel-Crafts alkylation of carbazole using t-butyl chloride
resulted in the donor unit, DTCz (Scheme S1). 2,7-Dibromo-
phenanthrene-9,10-dione (P2) was synthesized via the bro-
mination of phenanthrene-9,10-dione (P1) using N-bromo-
succinimide under acidic conditions. The key intermediate
compound, 2,7-dibromodibenzol[f,h]pyrido[3,4-b]quinoxa-
line (P3), was synthesized by the Schiff base condensation
between P2 and 3,4-diaminopyridine. Subsequently, the
Pd-catalysed Buchwald-Hartwig coupling between P3 and
DTCz led to the desired product PQACz-T with approxi-
mately 65% yield. The nonalkylated analogue, PQCz-T, was
synthesized following the protocol developed by our group
earlier (Scheme 1).37 The purity of PQACz-T and all the inter-
mediate compounds was ascertained by '"H-NMR, 3C-NMR
spectroscopy, and high-resolution mass spectrometry [Sup-
porting Information (SI) Figures S37-5S46].

PQACz-T showed multiple absorption peaks in solvents of
varying polarity (Figure 1a, SI, Figure S1, Table S1). The in-
tense absorption bands at ~359nm (g ~2.4x10*-M™!.cm™)
and ~390 nm (g ~4.9x 103-M™1.cm™) were attributed to the
m-7* transitions of the donor (DTCz) and acceptor (DBPQ)
units, respectively (Figure 1a, SI, Figure S1). The red-shifted
broad and weak absorption band (g ~1.2x103-M™'.cm™) at
~400-550 nm might be due to the ICT from the donors
(DTCz) to the acceptor (DBPQ) unit.!® The optical bandgap
of PQACz-T was estimated from the onset of absorption, and
it was found to be 2.35 eV (SI, Figure S2).
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Scheme 1 The synthetic scheme of dibenzopyridoquinoxaline-based
T-shaped D-A-D molecules PQCz-T and PQACz-T.

The emission spectra of PQACz-T in solvents of varying
polarity revealed a bathochromic shift in emission maxima
from 538 nm (hexane; green) to 697 nm (dichloromethane;
red, Figure 1b). The full-width at half-maximum (FWHM) al-
so gradually increased from 88 nm (hexane) to 158 nm (di-
chloromethane). The large positive solvatochromic shift,
along with the gradual increase in the FWHM, suggested a
typical excited-state ICT character (Figure S4).1337-39 The
fluorescence quantum yield in toluene was found to be
~37%, which decreased gradually with increasing solvent
polarity (<1% in dichloromethane, SI, Table S2). The red
shift and decrease in quantum yields in polar solvents were
associated with the enhanced nonradiative transitions and
could be due to the twisted ICT (TICT).37:4041 The basic spec-
troscopic properties and the charge transfer characteristics
of PQCz-T were reported in our previous study (SI,
Figure S5, Table S3).3” The emission maxima of PQACz-T
(Aem =590 nm, toluene) showed a bathochromic shift as
compared to PQCz-T (Aem=564nm, toluene) due to the
presence of electron-donating alkyl units in the donor DTCz.

The transient PL decay measurements exhibited bi-expo-
nential decay for PQACz-T, which could be due to the exis-
tence of locally excited (LE) and charge transfer (CT) states
(SI, Figure S6, Table S4).'® The reconstructed emission spec-
tra of PQACz-T obtained through the time resolved emission
spectra (TRES) analysis at 1.1 ns showed a distinct spectral
profile resembling the emission spectrum of DTCz in tolu-
ene, referring to the LE-state emission (SI, Figure S7). How-
ever, the steady-state emission spectrum was significantly
red-shifted and originated from the CT state. A broad emis-
sion spectrum with a peak maximum at 608 nm was ob-
served for PQACz-T in toluene at 77 K (SI, Figure S8). TRES
measurements were carried out in toluene at room temper-
ature and 77 K to obtain the energy difference between the
singlet and triplet states (Figure 1c). The S; and Ty energy
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(a) Normalized absorption, emission, and excitation spectra of PQACz-T in toluene under ambient conditions; inset: digital photographs of

PQACzT in toluene under daylight and UV irradiation (Aex =365 nm). (b) Normalized emission spectra of PQACz-T in (i) hexane, (i) toluene, (iii) dioxane,
(iv) tetrahydrofuran, and (v) dichloromethane; inset: digital photographs depicting the solvatochromic shift in the emission spectra with increasing

solvent polarity under UV lamp illumination (Aex =365 nm). (c) Time-resolved emission spectra (TRES) of PQACz-T in toluene at room temperature (time
delay: 10 ns, blue) and lig. N, temperature (77 K, time delay: 280 ms, green). The inset figures depict the transient PL decay of PQACz-T at 77 K and the

digital photograph showing phosphorescence at 77 K under UV irradiation.

(d) Emission spectra of PQACz-T in toluene at room temperature under air

(green) and after deoxygenation with prolonged N, purging (red). For (a-d), the concentration of PQACz-T was kept constant at 10 uM, Aex =470 nm.

levels were estimated from the onset of fluorescence (room
temperature measurement, time delay: 10 ns) and phospho-
rescence (77 K measurement, time delay: 280 ms) spectra
and were found to be ~2.44 and 2.24 eV, respectively, result-
ing in a AEsyof 0.20 eV (Figure 1c).

A three-times enhancement in the emission intensity of
PQACz-T in toluene was noticeable upon deoxygenation
with prolonged nitrogen-purging, indicating the possibility
of fluorescence quenching by molecular oxygen
(Figure 1d).#>43 Moreover, upon deoxygenation, a long-lived
emission was observed in the microsecond time domain
(Tavg = 4.5 11s, Figure 2a, SI, Table S5). TRES measurements at
room temperature revealed that the decay-associated emis-
sion spectra at the microsecond (time delay: 4.5us) and

nanosecond (time delay: 10 ns) timescales were identical,
indicating the delayed fluorescence phenomenon in
PQACz-T (Figure 2b). The activation energy of RISC for
PQACz-T in toluene was found to be 0.14 £ 0.03 eV, very close
to the AEst value (Figure 2¢, SI, Table S6).! Furthermore, the
laser power-dependent emission study was performed to
assign the nature of the delayed fluorescence.”1218 The lin-
ear dependence of the delayed fluorescence intensity as a
function of laser power, with a slope of 1.04, confirmed the
TADF process over the triplet-triplet annihilation
(Figure 2d).7-1218

Density-functional theory (DFT) and time-dependent
DFT (TDDFT) calculations at the B3LYP/6-31G(d,p) level re-
vealed the ground state geometry and the excited-state
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(a) Transient photoluminescence (PL) decay of PQACz-T in deoxygenated toluene at microsecond timescale at room temperature; inset:

transient PL decay of PQACz-T in deoxygenated toluene at the nanosecond timescale at room temperature. (b) Time-resolved emission spectra (TRES) of
PQACz-T in deoxygenated toluene at room temperature at microsecond (time delay: 4 ps, red) and nanosecond timescale (time delay: 10 ns, green),
ascertaining delayed fluorescence. The inset figure depicts the TRES analysis of PQACz-T in deoxygenated toluene recorded with an intensified charge-
coupled device (iCCD) camera with a tunable excitation source using optical parametric oscillator (OPO) crystal. (c) Temperature-dependent transient
decay spectra of PQACz-T in deoxygenated toluene; inset: the Arrhenius plot of activation energy (E,) for the reverse intersystem crossing (RISC). (d) Laser
power-dependent emission spectra of PQACz-T in deoxygenated toluene under ambient conditions; inset: linear fitting of the emission intensity of

PQACzT as a function of excitation power. Aox =470 nm, conc: 10 uM.

electronic distributions of the molecule, respectively. The
dihedral angle between the donor (DTCz) and acceptor
(DBPQ) units was found to be ~50° in the ground-state opti-
mized structure (SI, Figure S10). As shown in Figure 3a, the
LUMO (-2.77 eV) was predominantly localized on the cen-
tral acceptor core, while the HOMO (-5.17 eV) was located
on both the donor units. The computed energy gap was
found to be ~2.4 eV, corroborated well to the optical band
gap (~2.35eV, SI, Figure S2). The TDDFT calculations sug-
gested a low AEst value of 0.18 eV, similar to that obtained
from the experimental results, indicating the possible facile

intersystem crossing (ISC)/RISC pathways (Figure 3b, SI,
Table S7).

The cyclic voltammogram of PQACz-T indicated one qua-
si-reversible oxidation reaction and two quasi-reversible re-
duction reactions (Figure 3c). The presence of t-butyl groups
at the 3,6-positions of the donor unit (DTCz) restricted the
oxidative coupling reaction upon electro-oxidation, indicat-
ing the electrochemical stability of PQACz-T.% The half-wave
oxidation and reduction potentials (E1 ;) were used to calcu-
late the HOMO and LUMO energy levels following the equa-
tions (1) and (2).4

© 2021. The Author(s). Organic Materials 2021, 3, 477 - 487
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Figure 3 (a) The optimized frontier molecular orbitals (HOMO and

LUMO) geometry and the respective energy levels of PQACz-T calculated
through density-functional theory (DFT) at the B3LYP/6-31G (d,p) level.
(b) Table representing the lowest energy excited singlet (S;), triplet (T4)
states, and the energy gap (AEst) obtained from the theoretical (Theo.)
calculation using time-dependent density functional theory (TDDFT) and
experimental (Exp.) measurements at 77 K. (c) Cyclic voltammogram
(scan rate: 100 mV/s) of 1 mM solution of PQACz-T in dry dichloro-
methane using 0.1 M tetrabutylammonium hexafluorophosphate (TBAP)
as the supporting electrolyte and glassy carbon as the working electrode.
The anodic and cathodic scans are shown in blue and red, respectively.
The arrows indicate the direction of the initial scan.

Enomo = —Ej ox) = 4.8 + Ej (rejkc) (1)
Ewumo = —Ej req) — 48 + Ej (keskcr) (2)

The estimated HOMO and LUMO energy levels of PQACz-T
were -5.58 and -3.27 eV, respectively, suggesting an electro-
chemical bandgap of 2.31 eV, which closely resembled the
theoretically calculated and experimentally obtained optical
band gap (SI, Table S8). Half-wave oxidation potential de-
creased from PQCz-T to PQACz-T due to the increased donor
strength (SI, Figure S11, Table S8).

We investigated the TADF property of PQACz-T in 10 wt¥%
poly(methyl methacrylate) (PMMA) film. Also, the solid film
of the compound was fabricated by drop-casting the metha-
nol dispersion onto a quartz plate and followed by drying
under vacuum. The emission maximum of the drop-casted
film (615 nm) was red-shifted as compared to the PMMA-
doped film (565 nm, SI, Figure S12). The red shift in the
emission maximum in the solid film might be due to the
larger dipole-dipole interactions between the surrounding
molecules than in the doped polymer film.#® The transient
PL decay analysis of the PMMA film showed an average
prompt and long-lived decay time of 28 ns and 56 ps, respec-
tively (SI, Figure S12, Table S9). TRES measurements of the
PMMA film at room temperature signified that the emission

spectrum obtained at the microsecond timescale was identi-
cal with the nanosecond timescale spectrum (SI, Figure S13).
Furthermore, the laser power-dependent study signified a
linear relationship between emission intensity and laser
power, thereby confirming the TADF property of the
PQACz-T-embedded PMMA film (SI, Figure S14). The tran-
sient decay measurements (average prompt and delayed de-
cay time of 15 ns and 10 ps, respectively) and TRES analysis
of the drop-casted film showed similar observations ascer-
taining the delayed fluorescence property (SI, Figure S15).
The transient decay measurements and TRES analysis of
10 wt% PMMA doped film of PQCz-T also revealed the de-
layed fluorescence emission (Aem =540 nm, Tppave) = S8 S,
SI, Figures S12, S13, Table S9).

The temperature-dependent emission properties of
PQACz-T and PQCz-T doped films in PMMA were investi-
gated. The PL intensity was gradually enhanced with in-
creasing temperature (273-313 K) for both PQACz-T- and
PQCz-T-doped PMMA films (SI, Figures S16, S17). The aver-
age decay times of the delayed component decreased for
PQACz-T (96pus at 273K to 37ps at 313K) and PQCz-T
(104 ps at 273 K to 39 ps at 313 K) with the gradual increase
of temperature (SI, Figures S16, S17, Table S10). The shorter
decay time at higher temperatures could be attributed to the
facile RISC involving T;—S1. However, reverse internal con-
version from the T;—T, followed by T,—S; cannot be ruled
out in the doped polymer film.47-4°

The molecules exhibiting TADF emission in the amor-
phous aggregated state or in the aqueous dispersions are
limited compared to those observed in the solid-state or
polymer matrices.2>>%>1 The effect of aggregation on the
emission and decay properties of PQACz-T and PQCz-T was
thus checked in tetrahydrofuran (THF)-water binary solvent
mixtures with varying water fractions (f,, Figure 4, SI,
Figures S18, S19). The emission spectra (Aem=680nm)
showed a bathochromic shift with a reduced emission in-
tensity compared to that of the THF solution when the water
fraction was less than 30% for PQACz-T (Figure 4b, SI,
Figure S18). At a lower water fraction (fyy <30%), the en-
hanced polarity of the solvent mixture might result in a dark
TICT state, causing the bathochromic shift with quenched
emission as evident from the solvatochromic experiments
(Figure 1b, SI, Figure S4).1837.52 The fluorescence intensity
thereafter increased, though it was lower than that of the
THF solution till f,, <50%. The plot of the extent of aggrega-
tion against the water fractions revealed a steep rise at
70-80% water fraction, indicating it as the most significant
regime of aggregation for PQACz-T (SI, Figure S20). The max-
imum emission intensity was observed at f,,=99%, with
Aem = 623 nm, slightly blue-shifted than that of the THF solu-
tion (Aem =632 nm). The formation of aggregates impeded
the intramolecular motions and nonradiative relaxations,
which contributed to a reduction of Stokes shift leading to a
blue shift along with a 3-fold rise in the emission intensity of

© 2021. The Author(s). Organic Materials 2021, 3, 477 - 487



482

THIEME
(o IV ELTTV EICI B S. Das et al. Original Article

(a) (b) (© |

- — = —_ : 10°L L8

S 200+ PQACz-T (fw = 99%) 3 PQACz-T H ¢ IRF =

o == PQCz-T (fw = 99%) == PQCz-T 0 o PQACz-T 5.

. 1 eFit ‘@

€ 150 o2l @8 a ér 2

— 2 = 2 w 0.4

S 100 1 - 3 10 500 600 700 800
K] 11 times ) o Wavelength (nm)

0N 1 17]: '

@ 50 enhancement 10" Y

£ 1 “

| < . . - ; 0 == 10° L . — o mal

550 600 650 700 750 0 20 40 60 80 100 0 20 40 60
Wavelength (nm) f, (%) Time (us)

(d)

Increasing water fraction (fw)

7
N
(&)
<
St
o

Figure 4 Photophysical and morphological properties of the nanoparticles of PQACz-T and PQCz-T formed in THF-water binary solvent mixture: (a)
emission spectra of the nanoparticles of PQACz-T and PQCz-T in 99% water fraction at room temperature; (b) intensity ratio versus the fraction of water
plot for the nanoparticles of PQACz-T and PQCz-T, where Iy denotes the intensity at the emission maxima of the pristine molecule in THF, and / denotes
the intensity at the emission maxima of different nanoparticles; (c) transient PL decay curves at the microsecond timescale showing the long-lived
emission of PQACz-T nanoparticles formed in 99% water fraction at room temperature under ambient conditions; the inset depicts the laser power-
dependent emission profile of PQACz-T nanoaggregates (f,, = 99%); (d) field emission scanning electron microscopy (FESEM) images of the nanoparticles

of PQACz-T formed in different water fractions; scale =200 nm.

the nanoaggregates (99% water) compared to that of the THF
solution (Figure 4b).52

The emission properties of PQCz-T were also monitored
under similar conditions. However, no significant en-
hancement in the fluorescence intensity was observed for
the aggregates (Figure 4b, SI, Figure S19). The plot of the ex-
tent of aggregation indicated a steep rise in between 60%
and 70% water fraction, suggesting it as the most prominent
aggregation regime (SI, Figure S20). However, a steady de-
crease in fluorescence intensity was observed for PQCz-T ag-
gregates beyond 70% water fractions (Figure 4b). The strong
17 interactions might reduce the emission of PQCz-T in the
aggregated state due to nonradiative energy transfer.343 In
contrast, the presence of bulky t-butyl groups in PQACz-T
could circumvent the m-m interactions in the aggregated
state, leading to fluorescence enhancement.343>

Transient decay measurements were performed with the
aggregates at nano- and microsecond timescales (Figure 4c,
SI, Figures S21-23, Tables S11-13). Interestingly, the aggre-
gates of PQACz-T formed at or above 50% THF-water solvent
mixtures showed a microsecond decay (Tayg =9 11, fw =99%)
along with a prompt nanosecond decay (Tag=29nsS,

fw=99%). Furthermore, the TRES measurements, along with
the laser power-dependent study of the nanoaggregates
(fw=99%), confirmed the TADF property (Figure 4c, SI,
Figures S24, S25). The prominent delayed fluorescence
emission (Tayg=7ns) for PQCz-T aggregates was observed
only in f, =99% water fraction (SI, Figures S23, S26).

Previous reports indicated the enhanced rate of RISC
leading to delayed fluorescence in molecular aggregates.>?
We observed a gradual increase in the rate of RISC from
3.2x10° to 16.7x10°s™! for PQACz-T aggregates with in-
creasing water fraction from 50% to 99%, respectively
(Figure 5, SI, Table S14). The enhanced rate of RISC could be
attributed to the lowering of AEsr in the nanoaggregates at
higher water fractions facilitating the delayed fluorescence
(SI, Figure S27, Table S15). Similar results of low AEgsr values
in the nanoaggregates of difluoroboron B-diketonate-based
nanoparticles were demonstrated by Yang and co-work-
ers.”* The perturbation of the electronic states due to the in-
termolecular interactions in nanoaggregates results in the
reduction of AEs.>3>* The rate of RISC in PQCz-T nanoaggre-
gates at 99% water fraction was found to be 5.5x 10°s™! (SI,
Table S14).

© 2021. The Author(s). Organic Materials 2021, 3, 477 - 487
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Figure 5 Representative TADF mechanism in PQACz-T nanoparticles.
The prompt (PF) and delayed fluorescence (DF) were enhanced with
increased water fraction due to the reduction of nonradiative (red)
pathways as well as enhancement in intersystem and reverse intersystem
crossing (ISC/RISC) rates. The table indicates the enhancement in the
rate of RISC values with increasing water fraction (fw).

The self-assembly of PQACz-T and PQCz-T towards nano-
aggregate formation was probed through field-emission
scanning electron microscopy (FESEM) of the drop-casted
dispersions. FESEM images of PQACz-T indicated distinct
morphologies of the nanoaggregates formed in different
water fractions (Figure 4d). The rod-shaped particles were
observed at f,,=70%, and more spherical particles were
formed with increasing water fractions. The average diame-
ter of the spherical nanoaggregates formed at 99% water
fraction was found to be 110+30nm. In contrast, only
block-shaped particles were formed for PQCz-T under simi-
lar conditions (SI, Figure S28). The bulky alkyl chains present
in PQACz-T favoured hydrophobic interactions in an aque-
ous medium resulting in the diverse-shaped aggregate for-
mation.>>~6

The aqueous dispersion of strongly fluorescent organic
nanoparticles (diameter typically <100nm) has been ex-
plored as potential imaging agents.>>4%>7 However, as men-
tioned earlier, PQACz-T nanoaggregates fabricated at differ-
ent compositions of THF-water mixture revealed a broad
distribution of particles of diverse sizes and shapes. The mo-
lecular self-assembly can be tuned employing amphiphilic
surfactants or polymeric micelles through hydrophobic-hy-
drophobic interactions.”®>° Herein, we used Pluronic F-127,
a neutral triblock copolymer, to encapsulate PQACz-T in
water (Figure 6a). The polymer-encapsulated nanoparticles
were prepared from the chloroform solution of PQACz-T
and F-127 through slow evaporation of the organic solvent
followed by dispersing into water.%° The transmission elec-

tron microscopy (TEM) images revealed the spherical mor-
phology of F-127-encapsulated PQACz-T nanoparticles (ab-
breviated as PQNPs, Figure 6b). The average diameter of
PQNPs was found to be much smaller (20+4 nm) with a
nearly homogeneous particle size distribution as compared
to that of PQACz-T nanoaggregates (110+30nm for
fw=99%; Figure 6b, SI, Figure S29).

The aqueous dispersion of PQNPs could be used for non-
invasive cellular imaging. The particle size and distribution
of PQNPs in aqueous dispersion rather than the solvent-
evaporated state as obtained through TEM would be more
relevant for imaging. Hence, to obtain the size of the nano-
particles in the dispersion state, the fluorescence correlation
spectroscopy (FCS) analysis was carried out for PQNPs and
compared with PQACz-T nanoaggregates (f,y=99%;
Figure 6¢). A three-dimensional (3D) diffusion model was
used to fit the raw FCS traces; (Eqn. 3)°7:61:

Gan() = ¢ L 3)

Gsp(T) and N are the autocorrelation function and the aver-
age number of particles present in the confocal detection
volume, respectively. The structural parameter of the
3D Gaussian confocal volume, w, is defined through its longi-
tudinal (w;) and transverse radius (wyy), as @ = wW,/wyy. The
diffusion time (1p) and diffusion constant (D;) of PQNPs
were found to be 2.5ms and 7.3um?-s7!, respectively
(Figure 6¢, SI, Figure S30, Table S16). On the other hand, the
D; value for PQACz-T nanoaggregates (fiy=99%) was de-
creased to 3.9 pm?2-s™! (Figure 6¢, SI, Figure S30, Table S16).
The hydrodynamic radius of the PQNPs and PQACZ-T aggre-
gates in the dispersion state was calculated using the
Stokes-Einstein equation (SI, Eqn. S18). The results revealed
a much smaller diameter of PQNPs (58 + 2 nm) as compared
to that of PQACz-T aggregates (110 £ 10 nm) in the aqueous
dispersion (SI, Table S16).

The absorption spectrum of PQNPs in water was found to
be quite similar to that of PQACz-T in the solution state
(Figure 6d). The emission of PQNPs was found to show a
peak at 628 nm with an appreciable quantum yield of
~20+0.3%. The transient decay measurements and TRES
analysis along with laser power-dependent study confirmed
the TADF in PQNPs (Figure 6e, f, SI, Figure S31). The average
prompt and delayed decay times were found to be 26 ns and
23 ps, respectively (Figure 6e, Table S17). The smaller par-
ticle size, water dispersibility, longer emission wavelength,
high quantum yield, and excellent photostability prompted
us to check the subcellular internalization of PQNPs (SI,
Figure S32).

In order to evaluate the cytocompatibility, MTT assays
were carried out using HeLa cells. PQNPs showed low toxic-
ity despite incubating the cells with high concentrations of
up to 150 ug/mL (SI, Figure S33). Hence, HelLa cells were in-
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Figure 6 (a) Schematic representation depicting the preparation of aqueous dispersion of PQNP nanoprobe employing Pluronic F-127 triblock
copolymer. (b) Transmission electron microscopy (TEM) images of PQNPs (scale = 100 nm); inset: zoomed view of PQNPs (scale = 20 nm). (c) Normalized
fluorescence correlation spectroscopy (FCS) traces (Aex =470 nm, Aem, = 532-800 nm) of PQACz-T (5 nM) in the form of PQNPs (red) and nanoparticles
(fw=99%, green); the FCS data are fitted using Eqn. (3); inset: diffusion coefficients (D;, um?-s™') and hydrodynamic radius (r,, nm) of PQNPs and
nanoaggregates (f,,=99%), respectively. (d) Normalized absorption, emission, and excitation spectra of PQNPs in aqueous dispersion. (e) Transient PL
decay curves at the microsecond timescale of PQNPs at room temperature under ambient conditions; inset: transient PL decay curves at the nanosecond

timescale of PQNPs. (f) Laser power-dependent emission spectra of PQNPs under ambient conditions; inset: linear fitting of the emission intensity of the
PQNPs as a function of excitation power.

cubated with the aqueous dispersion of PQNPs (125 ug/mL)  La cells by the co-staining experiment with BODIPY 493/503
for 15 minutes. A distinct punctate pattern was noticeable  (commercial dye for staining of LDs, Figure 7a-c). The corre-
in the confocal laser scanning microscopy images, indicating  sponding Pearson’s coefficient of colocalization value of 0.96
the internalization of PQNPs in the LDs (SI, Figure S34). The indicated the LD specificity of the probe (Figure 7d).
intracellular localization of PQNPs was confirmed in live He-

Red channel

o

PCC: 0.96
Green channel

BODIPY 493/503

Figure 7 Confocal laser scanning microscopy (CLSM) colocalization images of Hela cells incubated with (a) PQNPs (Aex =470 nm, Aey = 610-800 nm),
(b) lipid droplet tracker dye, BODIPY 493/503 (Aex =470 nm, Aery =510-530 nm), and (c) merged image. (d) Pearson’s colocalization coefficient of red
(PQNPs) and green (BODIPY 493/503) channels was found to be 0.96, indicating the lipid droplet staining by PQNPs. Scale (a-c) =20 pm.
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LDs are universal lipid-rich storage organelles consisting
of hydrophobic neutral lipids with an outer phospholipid
monolayer.6263 The inherent hydrophobic nature of
PQACz-T (calculated logP=19.4) was attributed to the LD
specificity of PQNPs, which was unaffected by the influence
of F-127 micelles (SI, Table S18).645> Further, the colocaliza-
tion experiments with MitoTracker Green and LysoTracker
Green confirmed no specific staining of mitochondria and
lysosome, respectively, by PQNPs (SI, Figure S35). PQNPs
have longer fluorescence lifetimes in the order of microsec-
onds than the short-lived autofluorescence or background
fluorescence in the cellular environments (<10ns). The
long-lived emissive characteristic in the aqueous medium
suggests PQNPs as promising candidates for future applica-
tions in time-gated imaging.

Conclusions

In summary, we rationalized the variation of the excited-
state properties due to the substitution of a t-butyl group in
the donor carbazole moiety in multichromophoric D-A-D
compounds, PQACz-T (with alkyl substitution) and PQCz-T
(without alkyl substitution), having a rigid dibenzo-
pyridoquinoxaline acceptor core. Both compounds exhibited
TADF in the doped polymer films. PQACz-T was found to be
self-assembled to molecular nanoaggregates of diverse size
and shape in THF-water mixtures, presumably due to the
hydrophobic interactions imparted by the t-butyl units.
PQACz-T nanoaggregates exhibited bright red emission
along with delayed fluorescence in the aqueous dispersion.
Further, the smaller-sized, homogeneous distribution of flu-
orescent nanoparticles in water was fabricated upon encap-
sulating PQACz-T in a triblock copolymer, F-127 matrix, for
intracellular imaging. Cytocompatible, polymer-encapsu-
lated PQACz-T nanoparticles were employed for specific
imaging of LDs in HeLa cells. The present study paves the
way for further exploration of the molecular self-assembly
processes of TADF nanoaggregates for specific intracellular
sensing and imaging.

Experimental Section

Synthesis of 2,7-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)di-
benzol[f,h]pyrido[3,4-b]quinoxaline (PQACz-T): To a mixture
of P3 (100mg, 1 equiv.), 3,6 di-t-butylcarbazole (DTCz,
2.1 equiv.), Pdy(dba)s (0.15 equiv.), t-BuOK (4 equiv.) and
x-Phos (0.15 equiv.), 10 mL of toluene was added and stirred
under an Ar atmosphere at 110 °C for 24 h. After cooling the
reaction mixture to room temperature, the reaction was
quenched by the addition of 10% aqueous NaHCO5; and
20 mL distilled water. The organic layer was then extracted
with dichloromethane (3 x15mL), dried over anhydrous

MgS0Oy4, and concentrated under vacuum. The product was
purified by column chromatography (neutral alumina,
10% DCM/hexane) to afford an orange solid with a yield of
65% (123 mg, Scheme S4, mp: 340°C, based on the decom-
position colour change).

THNMR (700 MHz, CDCl3): § 9.76 (s, 1 H), 9.69 (m, 2 H),
8.87 (m, 1 H), 8.81 (m, 2 H), 8.23 (s, 4 H), 8.11 (m, 3 H), 7.56
(m, 8 H), 1.52 (s, 36 H). 3C NMR (126 MHz, CDCls): § 155.44,
146.67, 145.83, 144.19, 143.70, 143.46, 139.13, 138.50,
137.18, 131.23, 129.79, 124.99, 124.58, 124.07, 123.83,
121.40, 116.53, 109.25, 34.85, 32.06. HRMS (APCI): calcu-
lated for CsgHs7Ns [M]*: 836.1400g-mol™!, found:
836.4711 g-mol™.

The detailed synthetic procedures and yields of the inter-
mediate compounds are mentioned in the SI. The thin films
were fabricated by spin-coating the toluene solution of
10 wt% of PQACz-T and PQCz-T in PMMA, followed by drying
under vacuum. For the fabrication of nanoaggregates of the
compounds, a stock solution of 1 mM was prepared in dry
THF. 30 uL of the stock solution was rapidly added to the bi-
nary solvent mixture of THF-water (total volume: 3 mL)
under sonication for 1 min. Polymer-encapsulated nanopar-
ticles (PQNPs) for intracellular imaging were fabricated us-
ing a stock solution of PQACz-T (1 mg) and polyethylene-
polypropylene glycol (Pluronic F-127, 12mg) in CHCI;
(1.1 mL). Subsequently, the evaporation of organic solvent
resulted in a film, which was dispersed in distilled water.
The aqueous dispersion upon filtration through a nanopo-
rous membrane (0.2 pm) was used for further experiments.
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