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ABSTRACT

We report two new organic green-absorbing singlet oxygen
(102) photosensitizers: Quinoidal naphthyl thioamide (QDM)
and bis-iodol-dipyrrolonaphthyridine-dione (I,-DPND), with
triplet energies of 40.8 and 47.5 kcal mol '(at 77 K in a
glassy matrix) , respectively. The UV-vis absorption and
emission characteristics of QDM and I,-DPND are similar
to other commercially available organic 'O, photosensitizers
such as Rose Bengal, which was used as standard/reference
to estimate the 'O, quantum yield (®,) of the chro-
mophores under study. Using 9,10-diphenylanthracene
(DPA) as an 'O, quencher, we estimated the ®, ~ 67-85%
for QDM and ®, =~ 25-32% for I,-DPND. The discrepancy
in the ®, values could be explained by the apparent photo-
decomposition of the later dye. Nevertheless, the high ®,
value for QDM is unprecedented, as this chromophore exhi-
bits relatively low structural complexity and could further
be derivatized to create novel photodynamic agents.

INTRODUCTION

In recent years, photodynamic therapy (PDT) has been demon-
strated to be a powerful technique, yet less-aggressive, biomed-
ical approach to treat a number of malignant tumors (1,2).
Fundamentally, the PDT technique relies on the absorption of
visible-to-NIR light energy by a dye or photosensitizer mole-
cule (PS), which upon excitation, undergoes energy exchange
with molecular oxygen (*0,) to generate a reactive oxygen
species (ROS) (3) via either the type 1 (O,~°, H,O,, -OH) or
type 1I (*0,) mechanism (4). It is a general consensus that the
efficacy of PDT depends on the lifetime of the ROS (5),
specifically '0,; but, the other most important factor is the life-
time of the excited PS (PS*) (3). Up to date, the reported PS
molecules exhibit, not only various degrees of structural com-
plexity, but also excited state behavior/lifetime that would dic-
tate the outcome of the bimolecular process to generate the
ROS and the efficacy of the PDT. For example, Photofrin II
(6,7), the first approved PS by the FDA in the 1990s to treat
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esophageal and early stage of lung cancer, is a complex mix-
ture of oligomers of porphyrin. Photofrin II is known to have
long-lasting photodynamic effects due to the large amount (2-
10 mg/kg of body weight) required for effective treatment of
the malignant tumors (7). Importantly, in recent years, many
other PS have been developed/reported (8,9) to be more or less
effective than Photofrin II. The excited state behaviors of
reported PS are based on (or dictated by) classical photophysi-
cal paradigms viz. spin-orbit coupling and heavy-atom effect
(10) that allow modulation of the photo-excitation of the PS
molecule(s) and the lifetime/behavior of PS*. To the best of
our knowledge, no reported PS molecule has been shown to
exhibit Baird aromaticity (11) in their excited state, whereby
the photo-behavior of the PS/PS* is entirely governed by a
reversal (or enhancement) of aromaticity allowing a better sta-
bilization of the (triplet) excited state of the PS molecule.
Herein, we report two new purely organic chromophores
(Scheme 1): quinoidal naphthyl thioamide (QDM) (Er
40.8 kcal mol™', in 77 K EtOH:DCM glassy matrix) and bis-
iodol-dipyrrolonaphthyridine-dione (I,-DPND) (Er
47.5 kcal mol™!, in 77 K EtOH:DCM glassy matrix) which
could be used as potential PS scaffolds to develop novel
biorelevant photodynamic agents.

According to the Baird rule of aromaticity, conjugated 4nx
annulenes that exhibit ground state antiaromaticity would be able
to populate their lowest T, state due to aromaticity reversal (11—
13). Hence, chromophores that exhibit Baird-type aromaticity are
scarce, since the ground state structure(s) of these systems would
be antiaromatic. However, there have been synthetic efforts to
create nonclassical polyaromatic chromophores with individual
rings exhibiting either paratropic or diatropic ring current (14).
Accordingly, Baird-type chromophores are globally aromatic, but
at least one ring (with a =m-conjugation) within these systems
would be anti/non/proaromatic or exhibit paratropic ring current
(15). When this condition is met, it is believed that the chro-
mophore of interest would be able to access its triplet state fol-
lowing the Baird rule.

We had previously employed QDM as a Baird-type heavy-
atom-free aromatic triplet chromophore to sensitize polyaromatic
hydrocarbons and achieved triplet—triplet annihilation based pho-
ton upconversion (TTA-UC) (16-18). Dipyrrolonaphthyridine-
dione (DPND), the precursor of I,—DPND, was first reported
by Gryko and Kozankiewicz (19) and later utilized by Wang,
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Scheme 1. Chemical structures of novel PDT dye QDM and I,-DPND. Also shown are the possible modification sites with biomolecules.

Zhu and Fu to achieve singlet fission (SF) in the solid state
(20). Even though DPND emits strongly in solution at room
temperature (®r ~ 70%), Fu et al. demonstrated that this dye
can achieve efficient intersystem crossing (ISC) in the solid
state via SF thanks to an increase in aromaticity character (or
aromaticity reversal) in the lowest T; state (20). Armed with
the promising report on the photophysics of DPND, we used
iodination (heavy-atom) technique to enhance ISC within
DPND. In the present report, we show that both QDM and I,—
DPND can be employed as 'O, PS, and their relatively simple
structural features may be useful in achieving facile derivatiza-
tions to create other organic or biorelevant photodynamic
agents.

MATERIALS AND METHODS

Experimental section. The synthetic procedures leading to QDM and I,—
DPND are thoroughly described in the Supporting Information
(Scheme S1). QDM and I,-DPND and their corresponding precursors
have been fully characterized by NMR spectroscopy. All commercially
obtained reagents/solvents were used as received without further
purification. UV-vis absorption spectra were recorded on an Ocean
Optics™ spectrometer (DH-MINI UVVIS-NIR Light Source and QE-Pro
detector using Oceanview®™ software package). Emission spectra were
recorded on an Edinburgh Instrument FLS980 spectrometer.
Spectroscopy grade dichloromethane (DCM) and ethanol (EtOH) solvents
were used for all photophysical measurements.

Singlet oxygen quantum yield (®,5) measurement. Since both QDM
and I,-DPND absorb in the green-to-yellow spectral region, singlet
oxygen sensitization/generation studies were performed using a
commercial 532 £ 5 nm (green) laser of 50 mW cm™> power density.
9,10-diphenyl anthracene (DPA) was used as the 'O, quencher
(Scheme 2) (21). Samples of sensitizers and DPA were O, saturated for
at least 30 minutes prior to irradiation. The spectral change/reduction in
the absorbance/O.D. of the DCM:EtOH (1:1, v/v) of DPA at 393 nm
(due to the [4 + 2] cycloaddition reaction with '0,) was monitored over
15 min at various time intervals (20s, 40s, 60s, 80s, 100 s, 120 s,
240 s, 360 s, 480 s, 600 s and 900 s). The relative quantum yield (®,)
was measured against the value of Rose Bengal which was used as
reference/standard. @, values were estimated using the following
equation (Eq. 1) (22,23).

Fret 5 (Msample 4 ']sample)z )

cI)A,sample - cI’A,ref*(
F sample Miyef Mref

Where ref denotes the reference/standard (Rose Bengal: ®, = 0.68
(24) and ®, = 0.86 (25-28) in EtOH); F is the absorption correction fac-
tor, which can be calculated from the formula.

F = 1-107°° (with O.D. at the excitation wavelength 532 nm); m rep-
resents the slope of the absorbance of DPA (393 nm) with given excita-
tion time, and x symbolizes the refractive index of the solvent used for
measurement (7 for DCM = 1.424 and 5 for EtOH = 1.362).

RESULTS AND DISCUSSION

UV—vis absorption and emission spectra

As depicted in Fig. 1, QDM and L,-DPND can harvest green-to-
yellow photons up to 580 nm with maximum absorption at ca.
450 nm. It is worth noting that the absorption maximum for I,—
DPND was red-shifted with increase in degree of iodination of
parent DPND core (see Supporting Information, Figure S7). The
steady state Sqg«—S; emission bands with A« ~ 545 nm (for
QDM) and 582 nm (for I,-DPND) produced quantum yield
(®g) of 0.2% and 2.5%, respectively. With these lower values
for the ®f, it will be justified to investigate ISC or record the
So«—T, emissions as well. The phosphorescence emissions for
the two chromophores were successfully recorded in DCM:EtOH
(1:1, v/v) glass at 77 K with Apa.x & 725 (Tppos = 0.4 ms) for
QDM and 680 nm (Tppes = 14.8 ms) for I,-DPND.

Singlet oxygen studies

The singlet oxygen (‘O,) generation ability of QDM and I~
DPND was investigated using the absorption/chemical method,
where the decrease in absorption of DPA in the irradiated oxy-
genated samples of these sensitizers is indicative of depletion or
photo-oxidation of DPA molecules. It is well documented that
'0, reacts with alkenes or n-conjugated scaffolds via the ene- or
[4 4+ 2] cycloaddition reactions to produce peroxides (25). In the
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Scheme 2. Photo-oxygenation of DPA in oxygen saturated solutions of PS (QDM and/or I,-DPND).
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Figure 1. UV-vis absorption and emission profiles of (a) QDM and (b) I,—-DPND: The emission spectra were obtained with samples with samples of

O.D. = 0.2 at the excitation wavelength.

present work, the photo-oxidation of DPA (22) was monitored
over 15 min, at what time we assumed complete depletion of
dissolved molecular oxygen in the solutions. The changes in the
absorption band of DPA at 393 nm are illustrated in Fig. 2a—c.
Rose Bengal was employed as reference/standard with two dif-
ferent reported singlet oxygen ®, values: ®, = 0.68 (25) and
o, =0.86 (29) in EtOH. Using Eq. 1, the ®, for QDM was
estimated at 0.67 (with @, gg = 0.68) and 0.85 (with ®, gp =
0.86) and that of IZ—DPND was 0.25 (Wlth q)A,RB = 068) and 0.32
(with @, gg = 0.86) (Table 1). It is worth noting that over the
course of the experiment, while QDM seemed photo-stable just
like the reference Rose Bengal, the absorption band of I,-DPND
between 430 and 580 nm gradual decreased and a new band
appeared between 330 nm and 430 nm. This change/variation in
absorption is suggestive of photo-bleach or conversion to a new
species, which we hypothesize to be a deiodinated by-product
(such as I-DPND or DPND). Apparently, the change in absorp-
tion was more pronounced in DCM than in DCM:EtOH (1:1, v/
v) (Figure S8) with 20% of the absorption of I,-DPND
decreased in DCM within 120 s compared to 6% in DCM:EtOH
(1:1, v/v) within the same timeframe. Moreover, the degradation
of I,-DPND upon photo-irradiation seemed to be amplified in
oxygen saturated samples than in N, purged samples (see Sup-
porting Information, Figure S9). While 43% of I,-DPND
degraded after 900 s in the oxygen saturated samples, only 25%
of the chromophore was decomposed in the N, purged samples.
Even when a trace amount of oleic acid (as a scavenger for

singlet oxygen) was added to a sample of I,-DPND, 30% of I,—
DPND decomposed over 900 s of irradiation (see Supporting
Information, Figure S10b). Although these mixed results were
not conclusive to the actual causes of the apparent photo-
decomposition of I,-DPND, we suggest that the C—I bond could
be undergoing scission during the irradiation, and no photo-
oxidation was occurring as evidenced by the variation in the
whole absorption band. Subsequently, the apparent photo-
induced loss of iodine of I,-DPND was further investigated by
'H NMR, as shown in Figure S11, the irradiation of a concen-
trated solution of this chromophore using a medium pressure Hg
lamp (450 W) with a 500 nm cutoff revealed the appearance of
NMR patterns of parent DPND after 4 h of irradiation time (see
Supporting Information, Figure S3). This result suggests a likely
deiodination of I,-DPND; and it is in agreement with the low
value of @, for I,-DPND, as the photo-decomposition is likely
competing with the energy transfer to *O,.

In summary, we report the synthesis and photophysical char-
acterization of two new organic photosensitizers QDM and I,—
DPND, whose photophysical trajectories are governed by the
Baird rule. From the UV-vis absorption and emission studies,
we showed that QDM and I,~DPND could absorb light in the
biological window and generate ROS ('0,) via the type II photo-
sensitization mechanism (30,31). Using DPA as 0, quencher
and Rose Bengal as standard/reference, we estimated the quan-
tum yield (®,) of 0, production as high as 85% for QDM and
only 32% for I,-DPND. We propose that the low value of the
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Figure 2. Changes in the absorption spectrum of DPA (photo-oxidation) upon irradiation using a 532 nm laser in the presence of (a) QDM, (b) I~
DPND, (c) Rose Bengal and (d and e) linear changes in absorbance of DPA at 393 nm as function of irradiation time in O, saturated solutions of
DCM:EtOH (1:1, v/v): The O.D. at As3, for all three samples was 0.4; Rose Bengal was used as reference for both QDM and I,—-DPND.

Table 1. Photophysical parameters of QDM and I,-DPND.

Es; Em
Aabs™ ApL* D (%)* AphosT TPhos § (kcal/mol) (kcal/mol) Dp (P
QDM 454 nm 544 nm 0.2 725 nm 0.4 ms 50 40.8 67** (8511)
L-DPND 532 nm 559 nm 2.5 678 nm 14.8 ms 524 475 25%% (3244)

*Recorded in DCM for QDM and I,-DPND; fRecorded in DCM:EtOH (1:1, v/v) glass at 77K; fRelative value for QDM and absolute value for I~
DPND recorded in DCM ; §Monitored at 725 nm for QDM and 680 nm for I,-DPND; Singlet oxygen quantum yields using samples of QDM and
I,-DPND (with O.D. = 0.4 at As3;) in the presence of quencher DPA (O.D. = 1.0 at As3,). Rose Bengal was used as standard with reported singlet oxy-
gen quantum yield; **®, = 0.68 (25); 1@, = 0.86 (29) in EtOH.

@&, for IL,-DPND was likely due to a competing photo- Scheme S4. Synthetic route for DPND.

decomposition of this chromophore as evidenced in the variation Scheme SS5. Synthetic route for I2-DPND.

of its absorption. Nevertheless, the present report highlights the Figure S1. '"H NMR spectrum (300 MHz) of Dipyrrole in
possibility to create new organic Baird-type aromatic PS which CDCI3. *Residual solvent peak of CHCI3.

can be further derivatized to create other biorelevant photody- Figure S2. '*C NMR spectrum (75 MHz) of Dipyrrole in
namic agents. CDCI3. *Residual solvent peak of CHCI3.

Figure S3. 'H NMR spectrum (300 MHz) of DPND in
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Supporting Information section at the end of the article: DP ND in DCM with OD =0.2. )
Chart S1. Chemical structures of QDM, I2-DPND and their Figure S8. Changes in the absorption spectrum of I2-DPND
precursors. upon 532 nm irradiation (a) in DCM and (b) in DCM : EtOH
Scheme S1. Syntheses of (a) QDM and (b) I2-DPND. (L:1, v/v).
Scheme S2. Synthetic route for QDM. Figure S9. Changes in the absorption spectrum of I2-DPND

Scheme S3. Synthetic route for Dipyrrole. upon 532 nm irradiation in DCM : EtOH (1:1, v/v). (a)



anaerobic condition under N2 atmosphere (b) in the presence of
singlet oxygen scavenger (trace amount of oleic acid).

Figure S10. Changes in the absorption spectrum of I2-DPND

upon 532 nm irradiation (a) in O2 saturated DCM : EtOH (1:1,
v/v) and (b) in N2 saturated DCM : EtOH (1:1, v/v).

Figure S11. Time-course investigation of the photo-decompo-

sition of I2-DPND upon irradiation in an NMR tube (concen-
trated solution) using a medium pressure Hg lamp (450 W)
using a 500 nm cutoff: The expanded area of this set of spectra
shows the appearance of NMR patterns of parent DPND (cf. Fig-
ure S3) suggesting a likely deiodination of I2-DPND.
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