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ABSTRACT: The solvent-dependent photophysics of two 4amino-substituted 1,8-naphthalene imides (AIs) were studied using
ﬂuorescence spectroscopy and laser ﬂash photolysis. The
compounds were functionalized with water-soluble 2,2′(ethylenedioxy) diethylamine groups, yielding a monomer (AI3) and a
dimer (AI4). The radiative and nonradiative singlet-state
deactivation processes of AI3 and AI4 were quantiﬁed in 10
solvents and at diﬀerent pH values. The ﬂuorescence quantum
yield for the AI4 dimer in water was more than 100× lower than in
other solvents, or for the monomeric AI3. The enhanced
nonradiative decay of aqueous solutions of dimeric AI4 is
accompanied by biexponential decay kinetics, suggesting equilibration with a dark excited state. An oxygen-quenchable triplet state
(T1) of AI3 was produced upon 416 nm excitation in both water and n-octanol. In water, the T1 state evolved into a long-lived
transient that was unreactive toward oxygen or several electron donors. This species was not observed in n-octanol. The transient
observed upon 416 nm excitation of AI4 in water was extremely weak. However, production of T1 in both AI3 and AI4 was
evidenced by the photoinduced electron transfer to methyl viologen, albeit in low quantum yield (0.0503 and 0.00778 for AI3 and
AI4, respectively). The photophysics and reactivity are consistent with the production of an intramolecular charge transfer (ICT)
state that is stabilized in water. Signiﬁcantly, this stabilization enhances nonradiative decay pathways, particularly in the AI4 dimer.
The results indicate that the photochemistry of these compounds can be environmentally mediated, switching from radical- to
triplet-initiated processes.

■

unsubstituted 1,8-naphthalimides leading to sensors and
therapeutic agents have been reviewed.4−8 The mechanism
of chemical modiﬁcation generally involves photoinduced
electron transfer (PET) processes originating from single
electron transfer from an oxidizable target or hydrogen-atom
abstraction via a reactive radical.9,10 Core substitution modiﬁes
the nature of the lowest-lying electronically excited state.
Speciﬁcally, substitution at the 4 position of the naphthalimide
ring with an electron-rich group, such as a primary or
secondary amine, introduces an intramolecular charge transfer
(ICT) electronically excited state.11−16 The large excited-state
dipole moment makes these compounds extremely useful in a
variety of sensing applications.17 The large Stokes’ shift has
been used to probe the local polarity and hydrogen bonding in

INTRODUCTION

Small-molecule structural probes and covalent modiﬁers oﬀer
great utility to map weak intermolecular interactions and
dynamics, as well as initiate covalent modiﬁcation in biological
macromolecules. Photochemistry oﬀers the prospect of
initiating the covalent modiﬁcation on demand, via rapid
formation of reactive intermediates capable of electron or atom
abstraction. These species, either directly or via subsequent
processes, may lead to radical-initiated covalent dimers and
small-molecule attachment. For example, oxidative crosslinking and photoaﬃnity labeling are widely used to study
intermolecular interactions and dynamics.1−3 Cross-linking
processes also form the basis of photochemical modiﬁcation in
applications including wound healing and tissue bonding. If the
chromophores are ﬂuorescent, they can also serve as chemical
and environmental sensors. Thus, understanding the photoinitiated production and deactivation processes is critical to
matching a structural probe to either a photochemical (bonds
made or broken) or photophysical (sensing) application.
Naphthalene imides have a rich diversity of ground-state and
photochemical reactivities. The targeted interactions of
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Scheme 1. Synthesis of (a) AI3 and (b) AI4a

a

See Text for Details.

DNA, as well as dynamic protein interactions.18−20 Coresubstituted naphthalimides have also been used as pH, cation,
radical, and protein/enzyme sensors.21−25
Though widely explored as ﬂuorescent sensors, the
mechanism of reactions involving 4-amino-substituted 1,8naphthalene imides (AIs) with potential targets is largely
unknown. Recently, the compounds have been used as bluelight photoinitiators and modiﬁers for polymeric coatings.
Though the intermediates were not directly observed, the
mechanism of action is thought to involve reductive quenching
of both the singlet and triplet excited states.26,27 4-Aminosubstituted 1,8-naphthalimides have also been used in
photochemical tissue bonding and cartilage repair.28−32 The
cross-linking of the RNase A was demonstrated using both a
monomeric and dimeric 4-amino-substituted 1,8-naphthalimide.33 Cross-link formation is an important mechanism of
action in the tissue welding reports. However, the mechanisms
of protein linking and tissue modiﬁcation have not been
studied.
In this report, both the singlet-state deactivation and tripletstate production and reactivity of two hydrophilic 2,2′(ethylenedioxy)bis(ethylamine)-substituted AIs are described.
The radiative and nonradiative contributions to S1 deactivation

are quantiﬁed in aqueous vs nonaqueous solvents to gain
insight into the eﬀects of protic and polar media on
nonradiative decay pathways that may be relevant in biological
systems. The triplet-state production and decay are also
characterized in both aqueous and amphiphilic solvents. In
aqueous solution, where nonradiative decay is dominant, we
show that a spectroscopically invisible ICT state can be
visualized using a redox-active trap. Based on the photophysics
described in this report, diﬀerent reactivities are expected
based on the local environment of the chromophore. The
medium-dependent photochemistry has implications for the
production of radicals that initiate tissue bonding and crosslinking. The monomer and dimer structures described in this
work have been used in the photoinduced RNase cross-linking
and tissue bonding applications.33 The photomodiﬁcation of
porcine arteries using both of these compounds has also been
reported.34 In both cases, the monomeric and dimeric forms of
AI exhibited diﬀerent magnitudes of protein and tissue
modiﬁcation. The monomeric form of AI was found to be
more eﬀective at RNase cross-linking. In contrast, porcine
artery modiﬁcation, which was attributed to collagen crosslinking, was higher using dimeric AI. Thus, it is important to
understand how the photophysical deactivation processes of AI
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mixture was stirred at 80 °C for 3 h (Step 1). After cooling to
room temperature, the reaction mixture was concentrated
under vacuum. The residue was puriﬁed by silica gel (230−400
mesh) column chromatography using 30−50% ethyl acetate in
petroleum ether as an eluent to yield compound 1 as a yellow
liquid (1.1 g, 37%).
tert-Butyl (2-(2-(2-((2-(2,2-dimethyl-4-oxo-3,8,11-trioxa-5azatridecan-13-yl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)amino)ethoxy)ethoxy)ethyl)carbamate (2).
A solution of 1 (1.0 g, 2.07 mmol) in 1,4-dioxane (10.0 mL)
was added to tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (1.02 g, 4.14 mmol) and potassium tert-butoxide
(0.464 g, 4.14 mmol). The suspension was purged with argon
for 15 min. 2,2′-Bis(diphenylphosphino)-1,1′-binaphthyl
(BINAP) (0.13 g, 0.21 mmol) and Pd2(dba)3 (0.19 g, 0.21
mmol) were added, and the purging was continued for another
5 min (Step 2). The reaction was then heated at 80 °C for 3 h.
After cooling to room temperature, the reaction mixture was
concentrated under vacuum. The residue was puriﬁed by silica
gel (230−400 mesh) column chromatography using a 5−10%
gradient of methanol in dichloromethane as an eluent to yield
compound 2 as a yellow liquid (0.60 g, 41%).
2-(2-(2-(2-Aminoethoxy)ethoxy)ethyl)-6-((2-(2-(2aminoethoxy)ethoxy)ethyl)amino)-1H- benzo[de]isoquinoline-1,3(2H)-dione (AI3). A solution of compound 2
(0.6 g, 0.89 mmol) in 1,4-dioxane (2.0 mL) was added to
hydrochloric acid in 1,4-dioxane (6.0 mL) at 0 °C, and the
reaction was stirred at room temperature for 1 h. The mixture
was concentrated down under vacuum, and the residue was
puriﬁed by preparative HPLC to yield AI3 in Step 3 as a brown
gummy liquid (0.10 g, 24%). 1H NMR (400 MHz, DMSO-d6:
D2O (∼20:1 v/v)): δ 8.64 (d, J = 8.40 Hz, 1H), 8.45 (d, J =
6.80 Hz, 1H), 8.28 (d, J = 8.80 Hz, 1H), 7.69 (t, J = 8.00 Hz,
1H), 6.85 (d, J = 8.80 Hz, 1H), 4.21 (t, J = 6.40 Hz, 2H),
3.73−3.71 (m, 2H), 3.65−3.52 (m, 16H), 2.92 (bs, 4H). 13C
NMR (100 MHz, DMSO-d6): 164.3, 163.4, 159.2, 158.8,
158.5, 158.2, 151.2, 134.7, 131.3, 129.9, 124.8, 122.3, 120.6,
108.1, 104.5, 70.2, 70.1, 69.8, 68.6, 67.6, 67.1, 43.2. IR (Neat,
cm−1): 3384, 3065, 2880, 1673, 1633, 1577, 1548, 1425, 1394,
1368, 1348, 1174, 1122, 835, 798, 771, 721. HRMS (EI) m/z
[M]+ calcd for C24H36N4O6 475.2551, found 475.2560. Purity
by LC-MS: 99.18%. HPLC: Purity by HPLC: 99.20%.
6-[2-[2-(2-Aminoethoxy)ethoxy]ethylamino]-2-[2-[2-[2-[6[2-[2-(2- aminoethoxy)ethoxy] ethylamino]-1,3-dioxobenzo[de]isoquinolin-2-yl]ethoxy]ethoxy] ethyl]benzo [de]isoquinoline-1,3-dione (AI4). 6-Bromo-1H,3H-benzo[de]isochromene-1,3-dione (400 g, 1443.37 mmol) was recrystallized from DMA and then suspended in 3.2 L of DMA and
248.3 mL (7.75 mmol) of diisopropylethylamine (DIPEA).
The mixture was cooled to 5 ± 5 °C. A solution of
2,2′(ethylenedioxy)bis(ethylamine) (106.83 g, 721.83 mmol)
in 1.2 L of DMA was slowly added to the cooled solution to
maintain an internal temperature of ≤25 °C. The reaction
mixture was agitated at room temperature for 12 h and then
heated to 80 °C for 6 h (Step 1′). The slurry was hot-ﬁltered
and washed four times with DMA (1.2 L), then four times with
methyl t-butyl ether (1.2 L) to obtain 1′. The compound was
dried under vacuum at 45 °C and obtained in an 84% yield
(310 g).
Compound 1′ (310 g, 465.30 mmol) was dissolved in
toluene (6.2 L) and 2,2′(ethylenedioxy)bis(ethylamine) (6.2
L) and heated to 80 °C for at least 24 h (Step 2). The reaction
mixture was cooled to room temperature with stirring for 48 h.

are modiﬁed by covalent linkage of two chromophores. This
report reveals an eﬃcient nonradiative pathway of excited-state
decay in aqueous solutions of dimeric AI. In nonpolar solvents,
the photophysical deactivation pathways of the monomer and
dimer are nearly identical, suggesting that solvent stabilization
of a dark ICT provides a dominant deactivation pathway for
aqueous solutions of the dimer. The results lend insight into
the mechanism of action of the AIs. Speciﬁcally, radicalmediated processes are expected to be enhanced when the ICT
is dominant (dimer in aqueous solution), while excited-statemediated processes, including energy transfer to molecular
oxygen, would prevail in nonpolar environments.

■

EXPERIMENTAL METHODS
General Reagents. Phosphate buﬀer was prepared using
Na2HPO4 and KH2PO4 (Fisher Scientiﬁc, > 99%). The pH
was adjusted to 7.40 with NaOH, and the buﬀer was
quantitatively transferred to a volumetric ﬂask to obtain a 10
mM (in phosphate) buﬀer. Aqueous buﬀers were prepared
using water from a Biocell A10-Milli-Q system with a >18.2
MΩ resistivity. 6-Bromo-1H,3H-benzo[de]isochromene-1,3dione was purchased from Combi-Blocks (98%) and recrystallized from N,N-dimethylacetamide (DMA) prior to use. 2,2′Bis(diphenylphosphino)-1,1′-binaphthyl (BINAP), Pd2(dba)3
(Aldrich), and 2,2′(ethylenedioxy)bis(ethylamine) (TCI,
98%) were used as received. The solvents used for AI
synthesis were of ACS or HPLC grade and used as received.
Spectroscopy-grade solvents (>99%) were purchased from
Alfa Aesar or Acros Organics and used for ﬂuorescence and
transient absorption experiments. Methyl viologen (MV2+)
(Aldrich, 98%) was recrystallized from ethanol prior to use.
Tris(2,2′-bipyridyl)ruthenium (II) (Ru(bpy)32+) (Sigma) was
used as received. The ﬂuorescence-standard 4-dimethylamine4′dinitrostilbene (DMANS) (>99.8%) was obtained from
Sigma-Aldrich and used as received. 1,4-Diazabicyclo[2.2.2]octane (DABCO) (>98%) was obtained from TCI America
and used without further puriﬁcation.
General Methods. 1H and 13C NMR spectra were
recorded on a Bruker 400 MHz AVANCE series spectrometer
with DMSO-d6 and D2O as the solvents. The solvent residual
peak was used as an internal reference. Multiplicities are
abbreviated as follows: singlet (s), doublet (d), triplet (t),
quartet (q), doublet−doublet (dd), quintet (quint), sextet
(sextet), septet (septet), multiplet (m), and broad (br). IR
spectra were obtained on a Thermo Scientiﬁc ATR Nicolet
7200 FT-IR spectrometer. Mass spectrometry analysis was
performed on a Bruker Daltonics SolariX Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer equipped
with a 12 T actively shielded superconducting magnet and an
ESI source. Samples were prepared to a concentration of
approximately 0.01 mg/mL in 18 MΩ water and introduced to
the ESI source at 10 μL/min via a syringe pump. ESI source
conditions for the capillary and end plate oﬀset were 4500 and
−500 V, respectively.
Synthesis of 4-Alkylamino-1,8-naphthalimides. The
syntheses of compounds AI3 and AI 4 were adapted from the
literature29,33 and are shown in Scheme 1.
tert-Butyl (2-(2-(2-(6-chloro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethoxy) ethoxy) ethyl)carbamate (1).
A solution of 6-chloro-1H,3H-benzo[de]isochromene-1,3dione (1.5 g, 6.44 mmol) in ethanol (10.0 mL) was added
to a solution of tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (1.59 g, 6.44 mmol) in ethanol (10 mL), and the
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The slurry was ﬁltered and washed with toluene (2.2 L, three
times), followed by acetonitrile (2.2 L, three times). The wet
cake was blown dry and immediately processed in the next
step. In Step 3, the wet solid was recrystallized in water/ACN
(4 L, 1:1) by heating at 80 °C for 40 min. The solution was
cooled to room temperature and further stirred for 40 h. The
solution was vacuum-ﬁltered under nitrogen, and in the dark,
then washed with a 1:1 mixture of ACN/water (600 mL, three
times) to yield the crude free-base form (AI4) in a 75% yield.
A mixture of water (3.8 L) and acetic acid (28.5 mL) was
added to the free base of AI4. The mixture was stirred, ﬁltered
through celite, and washed with water. The ﬁltrate was added
to a clean ﬂask and stirred with activated charcoal for at least 8
h (Step 4). The slurry was ﬁltered through celite and washed
with water. The water was removed by lyophilization to yield
120 g of AI4 as the diacetate salt in a 50% yield. 1H NMR (400
MHz, DMSO-d6): 8.67 (d, J = 8.80 Hz, 2H), 8.41 (d, J = 7.20
Hz, 2H), 8.23 (d, J = 8.80 Hz, 2H), 7.79 (s, 2H), 7.66 (t, J =
7.60 Hz, 2H), 6.80 (d, J = 8.40 Hz, 2H), 4.14 (t, J = 6.40 Hz,
4H), 3.71 (t, J = 5.60 Hz, 4H), 3.59−3.32 (m, 28H), 2.62 (t, J
= 5.64 Hz, 4H), 1.86 (s, 8H). IR (Neat, cm−1): 3353, 2871,
1679, 1635, 1574, 1543, 1391, 1364, 1347, 1245, 1093, 1058,
771, 649. HRMS (EI) m/z [M]+ calcd for C42H54N6O10
802.3818, found 801.3829. Purity by LC-MS: 99.90%.
HPLC: Purity by HPLC: 99.15%.
Steady-State UV/Vis and Fluorescence. UV/vis absorption spectra were acquired using a JASCO V-570 spectrophotometer. Steady-state ﬂuorescence emission spectra were
measured using an Edinburgh Instruments FLS920 spectroﬂuorimeter equipped with a 450 W xenon lamp and a
Hamamatsu 5509-42 PMT (cooled to −80 °C). Entrance and
exit slits were adjusted to keep signal intensity in the linear
range, <2 × 106 cps. The solution concentrations for steadystate ﬂuorescence and TCSPC were adjusted to give an optical
density between 0.1 and 0.2 at the excitation wavelengths. The
concentration of AI3 was estimated to be 20 μM using
published molar extinction coeﬃcients (15 000 M−1 cm−1) for
compounds structurally similar to AI3. 15,26 The AI4
concentration was 10 μM using a measured molar extinction
coeﬃcient of 30 000 M−1 cm−1. Fluorescence spectra were
scanned from 10 nm to the red region of the excitation
wavelength out to 800 nm. Fluorescence quantum yields were
measured using 4-dimethylamine-4′-dinitrostilbene (DMANS)
(in benzene) as a standard. The dye was selected based on the
spectral overlap in its absorption and ﬂuorescence spectra with
the 4-amino-substituted 1,8-naphthalimide. The optical
densities of the 4-amino-substituted 1,8-naphthalimide (AI =
AI3 or AI4) and the standard (S) were matched at the
excitation wavelength used. Fluorescence emission spectra
were corrected for the wavelength dependence of the detection
system. The integrated areas under the emission spectra were
used to calculate the ﬂuorescence quantum yield (ϕf) using eq
1.35
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refractive indices corrects for the diﬀerences in intensity from a
point source in the two diﬀerent solvent media.36 The middle
term corrects for slight diﬀerences in the fraction of light
absorbed (1-10−OD) at the excitation wavelength by the AI and
standard (S) and is computed from the measured optical
densities (OD). The ﬂuorescence quantum yield of the
DMANS standard was taken from the literature (ϕS = 0.70).35
Time-Correlated Single-Photon Counting (TCSPC).
Singlet-state ﬂuorescence lifetimes (τS1) were measured using
TCSPC as previously described.37 Brieﬂy, a 4.2 W diodepumped laser (Millenia Vs, Spectra Physics) was used to
generate 250 fs pulses at 80 MHz from a mode-locked Tisapphire laser (Tsunami, Spectra Physics). UV excitation
pulses at a repetition rate of 8 MHz were obtained using a
Spectra Physics model 3980 pulse picker and frequency
doubler. The doubled 770 nm output (limited by the
Tsumani) was used to provide an excitation wavelength of
385 nm for all measurements. Time-resolved ﬂuorescence
decay proﬁles were measured with a LifeSpec-ps single-photon
counting spectrometer from Edinburgh Instruments. The
instrument response function (IRF) was obtained from the
Raman scatter of Milli-Q water. Lifetimes were obtained by
reconvolution with the IRF or via a tail ﬁt using F900
Edinburgh software.
Nanosecond Laser Flash Photolysis (LFP). Laser ﬂash
photolysis was used to quantify triplet excited states and
radicals that live longer than ca. 10 ns. Pulsed excitation at 355
nm (100 mJ/pulse; 8 ns pulse duration) was provided by the
third harmonic of a Continuum Surelite II-10 Nd:YAG laser.
Excitation of the 4-amino-1,8-naphthalimides required Raman
shifting the 355 nm excitation to a longer wavelength to get
spectral overlap with the compounds. This was accomplished
using a high-pressure cell of H2(g) to generate 416 nm
excitation pulses. First, the 1 cm beam was reduced in size to a
diameter of 3 mm using a custom-built beam reducer. The
collimated 355 nm pulses (60 mJ/pulse) were directed
(unfocused) through a 1 m long cell ﬁlled with H2(g) at a
pressure of 300−350 psi. Due to its vibrational spacing, H2(g)
was chosen as the best gas to Raman-shift the 355 nm
excitation to obtain laser pulses that overlap with the AI
absorption. The gas cell was sealed with 3/8″ thick quartz
windows (ESCO). The 416 nm excitation pulse (1st Stokes)
was separated from the 355 nm fundamental and the 503 nm
second Stokes using a quartz Pellin−Broca prism. The isolated
416 nm pulse was used to excite the sample. A repetition rate
of 2 Hz was used to avoid localized heating within the Raman
cell. Samples were prepared either in PBS or in n-octanol to
have an absorbance of 0.2−0.3 at the 416 nm excitation
wavelength. This corresponds to a concentration of ca. 30 μM.
Absorption changes were monitored at right angles to the
incident laser beam as previously described.38 The incident
energy per 416 nm laser pulse was estimated to be 2 mJ using a
Ru(bpy)32+ actinometer that has a diﬀerence extinction
coeﬃcient (Δε) of −10 000 M−1 cm−1 at the monitoring
wavelength of 450 nm.39

■

RESULTS
UV/Vis and Fluorescence. The visible absorption spectra
of compounds AI3 and AI4, in solvents of varying polarity, are
shown in Figure 1. As seen from the spectra, a ≥20 nm redshift
is observed in the visible absorption bands of both compounds
upon changing the solvent from 1,4-dioxane to water. Both
compounds also exhibit two UV absorption bands at 260 and

In eq 1, ϕf and ϕS are the ﬂuorescence quantum yields of
compounds AI3 and AI4 and standard (DMANS), respectively. A is the area under each corrected ﬂuorescence emission
spectrum. The signals were corrected for the diﬀerent
refractive indices (RI) of the solvents that the naphthalimides
and standard were dissolved. The ratio of the squares of the
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DMF), they do vary widely in the solvents having the lowest
(THF or 1,4-dioxane) and highest (water) dielectric constants.
It is interesting to note that, in 1,4-dioxane, the ﬂuorescence
maximum of AI3 is red-shifted by 18 nm from the dimeric AI4,
with the opposite observed in aqueous solution. The general
redshift observed for AI3 and AI4 with increasing solvent
polarity is consistent with an emissive excited state formed via
intramolecular charge transfer (ICT) from the 4-amino
substituent into the aromatic ring.14
The spectra shown in Figure 2 were used to determine the
ﬂuorescence quantum yields in each solvent. The absorbance
of each solution was matched to the ﬂuorescence-standard
DMANS in benzene (ϕS = 0.70)35 at the excitation wavelength
(variable between 420 and 450 nm, depending on solvent).
The quantum yields were calculated using eq 1 and are
summarized in Table 2.
The most notable feature of the solvent-dependent
ﬂuorescence is the >100-fold lower ﬂuorescence quantum
yield of AI4 in aqueous solution compared to the other
solvents or its monomeric counterpart (AI3). This was initially
attributed to either a ground- or excited-state acid−base
equilibrium that facilitated folding of the AI4 dimer. However,
as shown in Figure 3a,b, the ﬂuorescence spectra of AI3 and
AI4 are independent of pH. In addition, as shown in Table 2,
the ﬂuorescence quantum yields are only slightly diminished in
alkaline solution. The exceptionally low ﬂuorescence quantum
yield of AI4 in aqueous solution clearly indicates eﬃcient
nonradiative decay pathways of the dimer’s S1 state in water.
The lifetime of the S1 state of AI3 and AI4 was measured in
each solvent using TCSPC. The results are summarized in
Table 2. With the exception of the dimer AI4 in water, all of
the decay traces could be adequately ﬁtted to a singleexponential decay function. The decay traces measured for AI3
at pH 2.5 and 12.0, shown in Figure 3c, are representative of
the results. The ﬂuorescence decay of the AI4 dimer in
aqueous solution, shown in Figure 3d, is not single exponential.
A double-exponential ﬁt was used. As expected, the addition of
a third exponential did improve the ﬁt. However, it was not
included in the results given in Table 2 as it represents only a
minor component (a1/(a1 + a2 + a3) < 0.01). The amplitudeweighted lifetimes of AI4 in aqueous solution that are reported
in Table 2 reﬂect the relative contribution of each component,
weighted by their relative contribution to the radiative decay.
As such, they were used to evaluate the rate constants for
radiative decay that are shown in Table 2. As seen from the red
vs blue traces in Figure 3, the lifetime of each compound is
slightly shorter in alkaline vs. acidic pH. This is consistent with
the lower quantum yields reported at pH 12 (Table 2).
Triplet-State Production and Decay. Nanosecond laser
ﬂash photolysis experiments were carried out to elucidate the
nature of long-lived transients that persist after S1 decay. As
shown in Figure 1, neither the second (532 nm) or third (355
nm) harmonics of the Nd:YAG output overlap with the
ground-state absorption of AI3 and AI4. Thus, the 355 nm
output was Raman-shifted through a high-pressure H2(g) cell
to generate 416 nm excitation (after Pellin−Broca wavelength
separation).
The transient absorption of AI3 and AI4 was studied in
aqueous solution and n-octanol, as a protic, but nonpolar
amphiphilic solvent. The transient absorption spectra are
shown in Figure 4. In both solvent systems, the spectra show a
bleach in the 450 nm region, as well as positive absorption
diﬀerences below 400 nm and above 500 nm. The transient

Figure 1. Normalized visible absorption spectra of (a) AI3 and (b)
AI4 as a function of solvent. See Figure S1 for full-range UV−visible
spectra.

280 nm that are largely independent of solvent (Figure S1).
The visible absorption maxima of both compounds in 10
solvents, as well as at diﬀerent pH, are summarized in Table 1.
The dielectric constant and solvent polarity parameter
ET(30)40 are indicated for each solvent.
Table 1. Summary of Ground-State and Fluorescence
Properties of the Monomeric and Dimeric Compounds AI3
and AI4 in Solvents of Varying Polarity
λabs
max (nm)

λflmax (nm)a

Stokes’ shift
(Δν̃)b (cm−1)

solvent (dielectric,
ET(30))

AI3

AI4

AI3

AI4

AI3

AI4

dioxane (2.2, 36.0)
THF (7.5, 37.5)
n-octanol (10.3, 48.1)
pyridine (12.4, 40.5)
n-butanol (18, 49.7)
n-propanol (20, 50.7)
methanol (33, 55.4)
acetonitrile (37.5, 45.6)
DMF (38, 43.2)
water (80.1, 63.1) (pH
2.5, 12.0, 7.4)

426
430
437
442
440
439
438
432
437
445

420
427
434
438
437
436
436
432
436
447

517
504
521
525
532
528
532
534
525
552

495
503
518
520
526
528
536
523
527
571

4132
3415
3689
3577
3930
3840
4034
4422
3836
4356

3608
3538
3736
3600
3872
3996
4279
4028
3960
4858
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b
−1
Measured using λabs
max as the excitation wavelength. Δν̃(cm ) = ν̃abs
ij 1
yz 7
1
z 10 nm cm−1.
− ν̃fl = jj abs
− fl
λ max (nm) z
k λmax (nm)
{
a

The solvent-dependent ﬂuorescence emission spectra are
shown in Figure 2, and the maxima are summarized in Table 1.
A bathochromic shift of ca. 50 nm is observed for monomeric
AI3 upon changing the solvent from THF to water. A larger
redshift of ca. 70 nm is observed for the dimer AI4. While the
ﬂuorescence spectral properties of AI3 and AI4 do not diﬀer
signiﬁcantly in solvents of medium polarity (n-octanol through

Figure 2. Normalized ﬂuorescence emission spectra of (a) monomer
AI3 and (b) dimer AI4 in diﬀerent solvents. See Table 1 for a full list
of spectral properties. All spectra were measured using an excitation
wavelength in the range of 420−450 nm that corresponds to the
solvent-dependent absorption maximum.
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Table 2. Solvent Dependence of Singlet-State Lifetimes (τS1), Fluorescence Quantum Yields (ϕf), Radiative- and Nonradiative
Rate Constants (kf and knr, Respectively) for Monomeric and Dimeric Compounds AI3 and AI4
τS1 (ns)a

solvent
dioxane
THF
n-octanol
pyridine
n-butanol
n-propanol
methanol
acetonitrile
DMF
water, pH 2.50
water, pH 7.40
water, pH 12.0

kf/(107 s−1)b

ϕf

knr/(107 s−1)b

AI3

AI4

AI3

AI4

AI3

AI4

AI3

AI4

9.41
9.74
9.53
8.90
8.93
9.30
8.15
9.47
8.32
4.23
4.25
3.46

7.95
8.19
9.23
5.64
7.54
7.21
4.05
3.07
6.29
0.132 ± 0.020c
0.121 ± 0.020c
0.147 ± 0.020c

0.722
0.826
0.631
0.696
0.569
0.519
0.464
0.514
0.506
0.215
0.210
0.172

0.458
0.606
0.620
0.577
0.524
0.443
0.227
0.142
0.418
0.00190 ± 0.00030
0.00196 ± 0.00030
0.00182 ± 0.00030

7.67
8.47
6.62
7.82
6.37
5.58
5.70
5.41
6.08
5.09
4.95
4.97

5.74
7.40
6.72
8.48
6.94
6.15
5.61
4.64
6.65
1.45
1.62
1.24

2.96
1.79
3.87
3.42
4.83
5.18
6.57
5.15
5.93
18.6
18.6
23.9

6.84
4.81
4.12
9.23
6.32
7.72
19.1
27.9
9.26
758
824
680

a

Decay measured at 560 nm. Uncertainty of 0.10 ns unless otherwise indicated. bk f =

obtained from a double-exponential ﬁt: < τS1 > =

a1τ1 + a 2τ2
,
a1 + a 2

ϕf
τS1

; k nr =

1
τS1

− k f . cComputed as the average lifetime

where a1 and a2 are the fractional weights of each component, and τ1 and τ2 are the

corresponding lifetimes.

Figure 4. Transient spectra of AI3 measured in (a) pH 7.4 phosphate
buﬀer, 18 μs after 416 nm excitation, and (b) n-octanol, 15 μs after
416 nm excitation. Both solutions are argon-saturated. The inset in
(a) shows AI3 bleach kinetics in argon (blue)-, air (black)-, and
oxygen (red)-saturated aqueous buﬀered solutions, overlaid with the
kinetic trace (green) of AI4 in argon-saturated pH 7.4 buﬀer. The
kinetic traces were acquired using solutions of AI3 and AI4 that were
optically matched at the 416 nm excitation wavelength.

with the low ﬂuorescence quantum yield of AI4 vs AI3) or
because it is spectroscopically invisible. In contrast, the
transient absorption spectrum of AI4 in n-octanol (not
shown) looks nearly identical to that shown in Figure 4b for
compound AI3.
Figure 4b shows the transient absorption spectrum of AI3 in
n-octanol. The spectral features in Figure 4a,b are similar in
that they both show ground-state bleach and positive transient
absorption signals in the same spectral regions. In both solvent
systems, the spectra remain unchanged with time after laser
excitation. However, in n-octanol (Figure 5a), the decay
kinetics are consistent with the production and decay of an
electronically excited triplet state (3AI*). Speciﬁcally, in the
absence of oxygen (blue trace), the transient decays back to
the preexcitation baseline. In addition, the decay rate increases
in the presence of dissolved oxygen. Thus, we assign the
transient of both AI3 and AI4 in n-octanol to the electronically
excited triplet state (3AI*). The rate constants for quenching
of T1 by molecular oxygen (kO2) for AI3 in both water and noctanol were determined from the bimolecular quenching plots
shown in Figure 5. The short-lived transient of AI3 in aqueous
phosphate buﬀer was also quenched by oxygen. The

Figure 3. pH-Dependent ﬂuorescence spectra of (a) AI3 and (b) AI4
measured in 10 mM pH 2.5 (red), 7.4 (black), and 12.0 (blue)
phosphate buﬀer. pH-Dependent S1 decay of (c) AI3 and (d) AI4 in
10 mM pH 2.5 (red) and 12.0 (blue) phosphate buﬀer. The residuals
for a single-exponential ﬁt (AI3, pH 12.0) or biexponential ﬁt (AI4,
pH. 12.0) are shown below each decay trace. The instrument
response (IRF) is shown in each panel. Excitation and emission
wavelengths of 385 and 560 nm, respectively, were used for all four
decay traces.

kinetics (Figure 4a, inset) show the existence of a short-lived
transient (<5 μs) that decays into a persistent bleach (>1 ms).
A comparison of the blue, black, and red kinetic traces shows
that the short-lived transient is quenched by dissolved
molecular oxygen. The magnitude of the long-lived transient
is diminished with oxygen quenching. However, the decay
kinetics of the long-lived species are not modiﬁed by the
dissolved oxygen concentration. The 450 nm kinetics for an
optically matched solution of AI4 are shown for comparison
(green) in Figure 4a (inset). Laser ﬂash excitation of AI4 in
aqueous buﬀered solution produced a much weaker transient,
either because it is produced in a much lower yield (consistent
2299
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concentration. We assign this transient to the one-electron
reduced methyl viologen produced by charge transfer from the
T1 states (3AI*) of AI3 and AI4 to MV2+ (eq 2).
3

kMV

AI* + MV2 + ⎯⎯⎯→ AI. + + MV. +

(2)

The quantum eﬃciency of viologen radical cation formation
was determined from the 395 nm kinetic traces shown in
Figure 6. An aqueous solution of Ru(bpy)32+, having an optical
density at 416 nm matched to AI3 and AI4, was used as an
actinometer. The laser-induced absorption change, monitored
at 450 nm (ΔA450,Ru), along with the molar extinction
coeﬃcient (Δε = −10 000 M−1 cm−1 at 450 nm)39 for the
MLCT excited state minus ground state, was used to
determine the excited-state concentration of AI3 or AI4
(denominator of eq 3). The yield of viologen radical cation was
determined by extrapolation of the 395 nm growth in Figure 6
to time zero (ΔA395). The extinction coeﬃcient of the viologen
radical cation (ε395 = 42 100 M−1 cm−1)41 was used to
calculate the quantum yield of viologen radical cation using eq
3. The rate constants for the reaction shown in eq 2, and
quantum yields from eq 3, are given in Table 3.

Figure 5. Bimolecular quenching plots for the triplet state of (a) AI3
in both n-octanol (solid line) and pH 7.4 phosphate buﬀer (dotted
line) and (b) AI4 in n-octanol by oxygen. The blue, black, and red
kinetic traces are the recovery of the ground-state bleaching, measured
at 450 nm, under argon-, air-, and oxygen-saturated conditions in noctanol, respectively. The concentrations of dissolved oxygen in airsaturated solvents were calculated as 21.0% of the molar
concentrations in oxygen-saturated water (1.27 mM) and n-octanol
(7.22 mM), based on the partial pressure of O2 in air.

ΔA450,Ru
ΔA395
i
yz ji
zyz
z/jjj
φMV = jjjj
z
−1
−1 z
−1
−1 z
z
k 42 100 M cm { k −10 000 M cm {

(3)

These results show that the triplet excited states of AI3 and
AI4 undergo a photoinduced electron transfer to methyl
viologen, a suitable oxidant. Signiﬁcantly, this reaction serves as
a way to quantify the spectroscopically invisible and long-lived
(>10 ns) ICT states formed upon excitation of the AIs. In the
next section, we demonstrate that the ground electronic states
of AI3 and AI4 are also oxidized by electron transfer to the
triplet state of an unsubstituted 1,8-naphthalimide.
Photoinduced Electron Transfer from Unsubstituted
1,8-Naphthalimide. The versatile reactivity of AIs was also
demonstrated using AI3 and AI4 as ground-state electron
donors (eq 4).

bimolecular quenching plot is included in Figure 5a. The rate
constants for triplet-state quenching (3AI*) by molecular
oxygen are summarized in Table 3.
Triplet-State Reactivities. The electronically excited
triplet states of water-soluble 1,8-naphthalene imides that are
not core-modiﬁed at the 4 position are well known to react
with electron donors, including tyrosine, tryptophan, and
DABCO. The bimolecular rate constants have been previously
reported to be in the range of 0.89−2.6 ×109 M−1 s−1 for these
reductants.10,38 The redox reactivity of photoexcited AIs was
studied to understand the nature of chemical intermediates
they can produce. The excited-state reactivity of 4-aminomodiﬁed compound AI3 was assessed with tryptophan,
tyrosine, DABCO, and cysteine in deoxygenated media. In
all cases, the 450 nm bleach kinetics shown in Figure 4a were
not modiﬁed, even up to 2 mM concentrations.
In contrast, it was found that addition of methyl viologen to
an aqueous buﬀered solution of both AI3 and AI4 modiﬁed
the 450 nm bleach kinetics. As shown in Figure 6, a new
transient was produced that absorbs maximally at 395 nm. A
concomitant signal is also produced at 600 nm. The ratio of
the absorbances (extrapolated to t = 0) at 395 to 600 nm was
found to be 3:1, consistent with that of the one-electron
reduced methyl viologen.41 As shown in Figure 6, the
formation kinetics were pseudo-ﬁrst order in viologen

Water-soluble 1,8-naphthalene imides are well known to
initiate photooxidation of a number of electron-targets,
including nucleobases and oxidizable amino acids.10,42 The
one-electron reduction potential of the naphthalimide (NI)
shown in eq 4 is known (E(NI/NI•−) = −0.84 V vs NHE).42
In addition, the transient absorption spectra of the triplet
excited state (3NI*) and radical anion (NI•−) have been fully
characterized. The T1−Tn absorption of 3NI* exhibits a weak
absorption maximum at 480 nm. The T1−Tn extinction

Table 3. Summary of Rate Constants for Quenching of T1 State of AI3 and AI4 in Aqueous Phosphate Buﬀer and n-Octanol,
along with Quantum Yield for Production of One-Electron Reduced Viologen (ϕMV)
kO2 (M−1 s−1)
a

(1.58 ± 0.07) × 10

9

ϕMV

a

n-octanol

H2O
AI3
AI4

kMV (M−1 s−1)

H2Oa

H2O

(6.76 ± 0.39) × 10
(7.77 ± 0.28) × 108
8

(8.97 ± 0.22) × 10

8

0.0503 ± 0.0045
0.00778 ± 0.00070

a

In 10 mM pH 7.40 phosphate buﬀer.
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Figure 6. Formation of reduced methyl viologen (viologen radical cation) (a) at 395 nm, along with (b) the 450 nm bleach following 416 nm
excitation of an argon-saturated aqueous solution of AI3 (10 mM buﬀer, pH 7.40). The bimolecular quenching plot is shown in the inset in (a). (c)
Same viologen radical cation formation (395 nm) upon an optically matched solution of AI4. The black, red, and blue kinetic traces correspond to
excitation in the presence of 0, 0.165, and 0.660 mM added MV2+, respectively.

Figure 7. Transient absorption spectra following 355 nm excitation of a (a) 20.5 μM solution of NI containing 25.7 μM AI3 and (b) 24.3 μM
solution of NI containing 20.4 μM AI4. Times after laser excitation are indicated. Both solutions are in 10 mM pH 7.40 phosphate buﬀer that are
argon-saturated.

Figure 8. Kinetics of formation of radical products following quenching of the triplet state of 1,8-naphthalimide (3NI*) by (a) AI3 (25.7 μM) or
(b) AI4 (20.4 μM) shown in eq 4. The formation of the one-electron reduced imide (NI•−), monitored at 400 nm, is shown in red. The black time
traces show formation and decay of 3NI* (480 nm). Also shown are the kinetics at 340 nm (blue) and 450 nm (gray) corresponding to groundstate bleaching of NI and AI, respectively. The extrapolated absorption changes ΔA3NI* and ΔANI•− were used to compute the concentrations of
the 1,8-naphthalimide triplet state and radical anion, respectively. An excitation wavelength of 355 nm was used to selectively excite T1 of the 1,8naphthalimide (NI). Each solution was prepared in 10 mM pH 7.40 phosphate buﬀer and deoxygenated with argon.

coeﬃcient of 3NI* was found to be 5000 M−1 cm−1.38 The
radical anion of NI absorbs strongly at 400 nm (εI•− = 29 000
M−1 cm−1).42
Figure 7 shows the transient absorption spectra observed
upon 355 nm excitation of NI in the presence of either AI3 or
AI4. In both cases, the spectrum at early times (≤1 μs) shows
ground-state bleach of NI and the characteristic T1−Tn
absorption of 3NI* at 480 nm.38 The initially formed 3NI*

evolves to a transient having an absorption maximum at 400
nm, consistent with the formation of the one-electron reduced
1,8-naphthalimide (NI•−), formed via the photoinduced
electron transfer reaction shown in eq 4. Also noted in the
long-time spectra are ground-state bleaching of both NI (at
340 nm) and AI3 or AI4 (at 450 nm). The spectra in Figure 7
show the production of both NI•− and loss of AI ground state,
consistent with triplet-mediated oxidation of AI. We assign the
2301

https://doi.org/10.1021/acs.jpca.0c11639
J. Phys. Chem. A 2021, 125, 2294−2307

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

increasing solvent polarity. The solvatochromism of 4-amino1,8-naphthalimides makes them particularly well suited as
polarity probes in proteins.20
As shown in Figures 1 and 2, and summarized in Table 1,
AI3 and AI4 show a general redshift in both the absorption
and ﬂuorescence emission spectra with increasing solvent
dielectric constant. The shift is most prominent in the
ﬂuorescence spectrum of aqueous solutions of AI4. In
addition, the AI4 Stokes’ shift is signiﬁcantly larger in aqueous
media than in the other solvents. As shown in Table 2, the
nonradiative decay pathway of S1 dominates in aqueous
solutions of AI3 and AI4. The bathochromic shifts, as well as
increasing nonradiative decay rate constant, with increasing
solvent dielectric constant, are consistent with a solventstabilized emissive ICT state. Surprisingly, the photophysics of
AI3 and AI4 do not strongly depend on pH, suggesting that
singlet excited-state proton transfer does not occur.
Analysis of the solvatochromism of other 4-aminosubstituted 1,8-naphthalimides has included correlations of
ﬂuorescence quantum yield, Stokes’ shift, and radiative or
nonradiative rate constant with the Lippard Mataga43 or
ET(30)40 solvent polarity parameters.11,16,44 All of these studies
generally show a trend in increasing rate constant for
nonradiative decay and decreased ﬂuorescence quantum yield
with increasing solvent polarity, consistent with our observations for AI3 and AI4. Speciﬁc solvent eﬀects associated with
hydrogen bonding with solvent have been suggested to explain
a nonexponential decay from two distinct isomers, not unlike
that observed for aqueous solutions of AI4.
Since the Stokes’ shifts are generally better correlated to the
microscopic solvent polarity parameter,11 the data for AI3 and
AI4 listed in Table 1 were plotted against ET(30). The plots
are shown in Figure 9. While there is no physical signiﬁcance

450 nm bleach, identical to that of the AI3 ICT state shown in
Figure 4a, to the AI radical cation (AI•+) minus ground-state
absorption.
The yields of radicals (ϕNI•−) produced from the reaction
noted in eq 4 were calculated from the known spectral
properties of the 1,8-naphthalimide triplet (3NI*) and radical
anion (NI•−), along with the rate constants for triplet-state
decay in the absence (kd) and presence (kd + kNI [AI]) of the
AI quencher. The kinetic traces shown in Figure 8 were used
for the analysis. The signal observed at 400 nm (ΔANI•−),
extrapolated to t = 0, is assigned predominantly to that of the
imide radical anion (NI•−). The extinction coeﬃcient for the
imide radical anion (ΔεI•−) has been previously determined to
be 29 000 M−1 cm−1.42 Likewise, the 480 nm absorption
observed immediately after 355 nm excitation (ΔA3NI*) is
assigned to the triplet state of the 1,8-naphthalimide (3NI*).
The T1 - Tn extinction coeﬃcient for this species (Δε3I* = 5000
M−1 cm−1)38 was used to calculate the concentration of 3NI*
produced by the laser pulse. The transient absorption signals at
480 and 400 nm were used in eq 5 to calculate the eﬃciency of
long-lived redox products formed following quenching of 3NI*
by AIs.
ij ΔA
yz kNI[AI]
ΔA NI•− = ΔεNI•−jjj 3NI * zzz
(ϕ •−)
j Δε3NI * z kd + kNI[AI] NI
k
{

(5)

The bimolecular rate constants for the reaction shown in eq 4
were determined from a plot of the pseudo-ﬁrst-order decay
constant for 3NI* decay as a function of [AI]. The values are
summarized in Table 4, along with the eﬃciencies of radical
production from the triplet-state quenching.
Table 4. Summary of Bimolecular Rate Constants for
Quenching of T1 State of 1,8-Naphthalene Imide (NI) by
AI3 and AI4, along with Eﬃciencies of Long-Lived Radical
Productiona
kNI (M−1 s−1)
AI3
AI4

Article

ϕNI•−b

(1.91 ± 0.01) × 10
(1.96 ± 0.07) × 109
9

0.248 ± 0.002
0.151 ± 0.002

a

Values determined in deoxygenated 10 mM pH 7.40 phosphate
buﬀer. bCalculated from eq 5.
Figure 9. Dependence of Stokes’ shift for AI3 (blue circles) and AI4
(red squares) on solvent polarity parameter, ET(30).

■

DISCUSSION
Ground-State Absorption and Fluorescence Spectra.
The solvent-stabilized electronically excited state of 4-aminosubstituted 1,8-naphthalene imides is characterized by intramolecular charge transfer (ICT) from the 4-amino group into
the aromatic ring of the naphthalimides. Such states are
generally formed from light-induced charge transfer from the
4-amino nitrogen lone pair (N(4)) into the aromatic ring of
the imide. Where conformationally allowed, the rotation of the
C-N(4) single bond is assisted by solvent reorganization to
stabilize the charge. This results in an electronically excited
state with a large dipole moment that is highly solvatochromic.43 The production of ICT states in 4-amino-substituted
NIs is supported by density functional (DFT) calculations,
inductive and steric substituent eﬀects, and the observation of
enhanced nonradiative decay pathways in polar and/or protic
solvents.11,14,16,18,44,45 In these reports, the compounds exhibit
the well-known solvatochromic Stokes’ shift that increases with

to the linear correlation, the data for both compounds in all
solvents appear to lie on the same trend line. This is in contrast
to that reported for other 4-amino-substituted 1,8-naphthalimides, where two distinct linear regions were observed due to
speciﬁc solvent interactions with the emissive state.11,44 The
correlation suggests that the solvation of the emissive ICT state
of AI3 and AI4 may be described using simple solvent polarity
models, with very little evidence for speciﬁc solvent eﬀects.
In contrast, the nonradiative rate constants (knr, Table 2) of
both AI3 and AI4 show a strong discontinuity in aqueous
solution. The nonradiative deactivation of AI4 increases more
than 40-fold from methanol (ET(30) = 55.4) to water (ET(30)
= 63.1). The increase in knr of AI3 in water vs methanol is less
than a factor of 4. This discontinuity was not observed in the
Stokes’ shift, suggesting the presence of a dark (nonemissive)
state that rapidly deactivates S1 of AI4.
The biexponential decay of AI4 in water (Figure 3) supports
a mechanism involving a dark state. The existence of a dark
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Scheme 2. Solvent-Dependent Deactivation of the ICT State in 4-Amino-Substituted 1,8-Naphthalimidesb

b

Radical production, favored in aqueous solvents, may have utility in the modiﬁcation of biological targets, including peptides and proteins.

naphthalimide. The blue kinetic trace in Figure 4a shows the
evolution of the 450 nm bleach, observed immediately after
pulsed excitation of AI3, into the long-lived transient. We
attribute the kinetics to the formation of the low-lying ICT
state which, other than spin, likely has the same structure as
that formed via S1 (Scheme 2). As shown in red and black
kinetic traces in Figure 4a, the amount of this triplet-mediated
transient is reduced in the presence of dissolved oxygen,
consistent with production via T1. The long-lived component
is unreactive toward molecular oxygen, as well as DABCO and
the oxidizable amino acids tryptophan, tyrosine, and cysteine.
Based on this reactivity, we assign the spectrum of the longlived transient to the amine radical cation/ketyl radical anion
shown in Scheme 2.
In contrast, the kinetics of both AI3 and AI4 are
monoexponential in n-octanol (Figure 5). No long-lived
transient is observed for either compound and, in both cases,
the species is quenched by molecular oxygen. Based on these
results, we assign the short-lived transient of AI3 in water, as
well as the transients of AI3 and AI4 in n-octanol, as the triplet
excited state (3AI*) of the naphthalimides. The rate constants
for the reaction of 3AI* by molecular oxygen were determined
from the bimolecular quenching plots in Figure 5 and are
summarized in Table 3. The values are consistent with
diﬀusional quenching by the small molecule. The rate
constants in n-octanol are ca. 2 times slower than that in
water, consistent with the higher viscosity of the solvent
(ηn‑octanol = 7.288 cP vs ηH2O = 0.890 at 25 °C).46 The stable (at
least on the laser ﬂash photolysis time scale) transient that
persists after direct excitation of AI3 in water indicates the
formation of a stable radical, formed via reaction of 3AI* with
water. The transient absorption spectrum shown in Figure 4a
does not change signiﬁcantly as a function of time, consistent
with the formation of a stable, unreactive transient. The
transient produced upon direct excitation of AI4 absorbs very
weakly. However, based on the similarity in reactivities of 3AI3
and 3AI4 with the electron acceptor, methyl viologen, we
suggest that the same species are produced in both cases, albeit
in a much lower yield in the case of AI4.
Triplet-State Reactivity of AI3 and AI4. As described
above, the transient absorption signals shown in Figure 6 are
assigned to viologen radical cation production via the

excited CT state, stabilized by polar/protic aqueous solvent,
would provide a deactivation pathway for the emissive ICT
state. The biexponential decay is consistent with the approach
to, and decay of, this excited-state equilibrium, shown in
Scheme 2. Stabilization of the ICT state in polar and/or protic
solvents favors production of the ICT state. Solvent
stabilization introduces an eﬃcient nonradiative (dark) decay
channel for the initially formed singlet excited state via
formation of the ICT. This results in a short singlet-state
lifetime and reduced yield of long-lived transients, both
observed upon excitation of AI4 in water. In nonpolar
solvents, such as n-octanol, solvent stabilization of the ICT
state is signiﬁcantly reduced, diminishing the nonradiative rate
constant (Table 2) and resulting in longer singlet-state lifetime
and higher ﬂuorescence quantum yield. Evidence for a dark
excited state also comes from the excitation spectra. A
comparison of the excitation spectra of aqueous solutions of
both AI3 and AI4 shown in the Supporting Information
(Figure S2) shows deviation between the visible ground-state
absorption and excitation spectra. In the nonpolar, protic
solvent n-octanol, the absorption and excitation spectra are
nearly identical. We suggest that, in water, the enhanced
nonradiative decay, via internal conversion from the S1 state, of
the dimeric AI4 may be due to charge transfer, excimer-like,
interactions between the aromatic rings.
Triplet-State Production and Decay. Pulsed nanosecond laser excitation of AI3 produces transient absorption
spectra that have the same spectral features in both aqueous
and n-octanol solutions (Figure 4). The transient absorption
spectrum of AI4 in n-octanol (not shown) is identical to that
of AI3. The kinetics and reactivity of the transient were studied
using the ground-state bleach at 450 nm in both water and noctanol. As shown in Figure 4a (inset), the transient
absorption of AI4 in water is extremely weak, precluding
measurement of the transient absorption spectrum or decay
kinetics in the aqueous medium.
In water, the AI3 transient observed immediately after
pulsed excitation exhibits two kinetic components. The shortlived component (<5 μs) is quenched by dissolved oxygen as
shown in the blue, black, and red traces in Figure 4a (inset).
Based on these results, we assign the short-lived transient of
AI3 in water as the triplet excited state (3AI*) of the
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yields of solvated radicals produced from photoinduced
electron transfer from 3AI* (eq 2) vs the ground state of AI
(eq 4) are statistically diﬀerent. The low quantum yield of AImediated reduction of methyl viologen (5% for AI3 and <1%
for AI4) is attributed to the eﬃcient nonradiative decay of the
singlet excited state of AI. In particular, the sub-nanosecond
singlet-state lifetime of AI4 suggests an eﬃcient deactivation
pathway that is present from either a ground-state or excitedstate folded conformation in the dimer. This pathway
diminishes both the radiative decay and ISC yield, translating
to low radical production from PET involving the AI triplet
states. Under this assumption, the values of ϕMV represent an
upper limit of the ISC yields of AI3 and AI4. Signiﬁcantly, the
reaction with methyl viologen constitutes a way to trap and
visualize the trace amounts of oxidizable ICT state that persists
after S1 decay.
When the AIs are used as ground-state electron donors to
the triplet state of unsubstituted 1,8-naphthalimide, the radical
yields are 25 and 15%, respectively, for AI3 and AI4. By virtue
of their n−π* singlet excited states, 1,8-naphthalimides (I)
have ISC yields >90%.49,50 This further supports the
suggestion that the low radical yield from PET involving
3
AI* is attributed to their low triplet yields resulting from
eﬃcient singlet-state deactivation pathways.
Consequences for Interactions with Biological Targets. In this work, we characterize the reactive intermediates
that are produced upon direct excitation of, or photoinduced
reactions with, 4-amino-1,8-naphthalimides AI3 and AI4. The
solvent dependence of S1 decay is consistent with the trends in
nonradiative decay and Stokes’ shifts that have been reported
for other 4-amino naphthalimides. However, direct observation
of photochemical intermediates produced from long-lived
(ICT) states, as well as their reactivities, has not been reported.
The inclusion of the methyl viologen as a radical trap, as well
as reductive quenching of 3NI* by AI, clearly demonstrates
that 4-amino-substituted 1,8-naphthalimides act preferentially
as electron donors. The laser ﬂash photolysis results shown in
this report demonstrate that solvent plays a key role in
determining the nature of the long-lived excited states. In
water, a short-lived ICT state is observed that is reactive with a
viologen radical trap. In contrast, direct excitation of the AIs in
n-octanol produces long-lived triplet states that are readily
quenched by dissolved oxygen.
A comparison of the kinetic traces in Figure 5 (n-octanol) to
those in Figure 4a (aqueous pH 7.40 phosphate buﬀer) shows
that direct excitation of n-octanol solutions of AI3 and AI4
produces electronically excited triplet states (3AI*). In noctanol, the magnitudes of the 450 nm bleach immediately
after 416 nm excitation of AI3 and AI4 are, within error,
identical, as are the triplet-state lifetimes (47 μs (AI3) and 45
μs (AI4)). Both 3AI* are quenched by molecular oxygen, and
the bimolecular rate constants are reasonable for a diﬀusioncontrolled reaction in a solvent that is more viscous than water
(ηn‑octanol = 7.288 cP; ηH2O = 0.890 cP at 25 °C).46 The
similarity in photophysics of AI3 and AI4 in n-octanol suggests
the absence of intramolecular folding of the AI4 dimer that
contributes to eﬃcient nonradiative decay of S1.
In contrast, the photophysics of the monomer and dimer in
water are very diﬀerent. The additional S1 deactivation
pathway in AI4 is attributed to a charge transfer interaction
between the two aromatic rings that is stabilized in the polar
aqueous environment. The singlet state of 4-amino-substituted

photoinduced electron transfer (PET) reaction in eq 2. The
formation kinetics are pseudo-ﬁrst order in methyl viologen
concentration. The bimolecular rate constant given in Table 3
is somewhat smaller than expected for a diﬀusion-controlled
reaction. However, protonation of the amine terminus of AI3
could certainly slow the diﬀusional encounter rate with the
methyl viologen dication. The eﬃciency of PET is small (ca.
5%) and reduced even further for AI4. While the small values
could be attributed to a rapid recombination within the
solvated encounter complex, it is more likely due to very rapid
nonradiative internal conversion of S1, in competition with
intersystem crossing to the electronically excited triplet state
(3AI*). This statement is based on the reduced viologen
radical cation yield of AI4, relative to AI3, that trends with the
ﬂuorescence lifetimes and quantum yields.
The one-electron oxidation potentials of structurally similar
4-alkylated 1,8-naphthalimide have been reported in acetonitrile (E1/2(AI•+/AI) = 0.56 vs SCE).26 The triplet-state energy
was also estimated using molecular orbital calculations (ET1 =
2.12 eV).26 These values, along with the one-electron
reduction potential of methyl viologen (E1/2(MV2+/MV•+) =
−0.450 V47 vs NHE) were used to construct the energy
diagram shown in Scheme 3. The energies for the photoScheme 3. Energetics for Photoinduced Electron Transfer
from AIs to Methyl Viologen (MV2+), Calculated Using the
Rehm−Weller Equationc

c

The oxidation potential for AI was converted to an NHE reference
(E1/2(AI•+/AI) = 0.808 vs NHE) using a standard SCE potential of
0.248.48 The energetics for PET to the triplet state of unsubstituted
1,8-naphthalimide (3NI*) from AI is also shown. The energy of 3NI*
and one-electron reduction potential of NI were taken from the
literature (E3NI* = 2.29 eV)38 and E1/2(NI/NI•−) = −0.84 V vs
NHE.42

induced electron transfer reactions shown in eqs 2 and 4 were
calculated using the Rehm−Weller equation (eq 6a and 6b)
and neglect the coulombic solvation energy (<30 mV) in the
aqueous solvent system.38
ΔG(eq 2) = [E1/2(AI•+/AI) − E1/2(MV 2 +/MV •+)]
− E T1(3 AI*)

(6a)

ΔG(eq 4) = [E1/2(AI•+/AI) − E1/2(NI/NI•−)]
− E T1(3 NI*)

Article

(6b)

As shown in Scheme 3, the thermodynamic driving force for
electron transfer from 3AI* to MV2+ is estimated to be −0.86
V.
In their ground state, AIs also behave as electron donors to
the triplet state of unsubstituted 1,8-naphthalimide (eq 4). The
energetics for this reaction are also shown in Scheme 3. The
2304
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CONCLUSIONS
The radiative and nonradiative decay processes of the singlet
excited state of a monomeric (AI3) and dimeric (AI4) 4amino-substituted 1,8-naphthalene imide have been characterized in a series of solvents. The increasing Stokes’ shift and
nonradiative decay with increasing solvent polarity are
consistent with the production of an emissive ICT state.
Nonradiative decay of the dimeric AI4 in aqueous solution is
more than 100× faster than for the monomer or the dimer in
other solvents, suggesting deactivation via a solvent-stabilized
“dark” excited-state dimer. Unlike their unsubstituted counterparts, 4-amino-1,8-naphthalimides, AI3 and AI4, are eﬀective
electron donors and can photoinitiate the reduction of suitable
acceptors in both their ground and excited triplet states. The
intramolecular charge transfer (ICT) state, formed upon direct
excitation of AI3 and AI4, dictates the solvent-dependent
photochemistry. The yield of long-lived transients, visualized
via capture by a viologen redox trap, is small in aqueous
solution. The triplet state produced upon direct excitation of
the monomer AI3, in water, decays into a long-lived and stable
transient that is unreactive toward both oxygen and electron
donors. In contrast, excitation of both AI3 and AI4 in noctanol produces long-lived triplet states that are quenched by
molecular oxygen. Long-lived radicals are not observed. The
studies show that, depending on the conformation and local
environment of the chromophore, the photochemistry of AI3
and AI4 will be very diﬀerent. This is extremely relevant in
photobiological or other applications, where the mechanism of
photomodiﬁcation will switch depending on the local environment of the photosensitizer.

1,8-naphthalimides has strong ICT character, giving rise to the
well-known solvatochromism. The reduction in both the AI
ﬂuorescence quantum yields and singlet-state lifetimes is
attributed to stabilization of the ICT state in water, facilitating
nonradiative internal conversion that competes with ﬂuorescence and ISC.
The implications of solvent-dependent photochemistry in
photobiological interactions are interesting. Unlike their
unsubstituted 1,8-naphthalimide counterparts, AI3 and AI4
have the unique ability to switch their mechanism of
interaction based on location in, e.g., a membrane environment. Irradiation of AI3 and AI4 in n-octanol (solvent that
could mimic the microenvironment in a biological membrane)
clearly produces long-lived triplet states (Figure 5) that are
quenched by molecular oxygen. Singlet molecular oxygen, as
well as other reactive oxygen species, are likely produced and
can contribute to oxidative modiﬁcation of a target (Scheme
2). Destabilization of the ICT state facilitates intersystem
crossing and ﬂuorescence (in competition with nonradiative
decay) in the nonpolar solvent, consistent with the results
shown in Table 2. The similar photophysics of the monomeric
AI3 and dimeric AI4 in n-octanol also suggest that intramolecular dimer formation, stabilized by CT interactions, is
precluded in the hydrophobic solvent. Photoinduced electron
transfer from oxidizable amino acid and nucleobase targets
cannot be ruled out in these environments.
In contrast, excitation of AI3 and AI4 that localized
intracellularly or in other aqueous environments will favor
formation of radical products over long-lived excited states.
The ICT state is intrinsically a biradical (Scheme 2). The weak
ﬂuorescence in the AI4 dimer vs the AI3 monomer suggests
that additional deactivation pathways in the dimer are enabled
by intramolecular folding via a ground-state or excited-state
dimer. We have demonstrated photooxidation of both T1 and
ground electronic states of AI3 and AI4 by a suitable electron
acceptor (EA). In this work, both methyl viologen and
unsubstituted 1,8-naphthalimide were used as the EA. From
the kinetic traces shown in Figure 6a (inset), oxidation of AI3
and AI4 produces a persistent bleach in the 450 nm region.
This bleach is also present upon direct excitation of AI3
(Figure 4a). Since the latter species is unreactive toward
known electron donors, we propose that the initially produced
AI radical cation (AI•+), within the ICT excited state, is
stabilized via reaction with the aqueous solvent (Scheme 2).
This could involve atom abstraction by the ketyl radical anion
in the ICT state from water. The ground-state bleach that is
observed upon direct excitation of AI3 in water is consistent
with this process. While the chemistry is complex, there are
clearly several radical-producing dark reactions involving the
ICT state that are possible in aqueous environments and are
precluded in nonpolar media. In proteins, these include, but
are not limited to, direct oxidation of amino acid side chains or
hydrogen-atom abstraction (via the ketyl radical) from a
peptide backbone. Both oxidative processes may lead to the
formation of covalent bond cross-links. Since the one-electron
reduction potential of molecular oxygen is more positive than
that of methyl viologen (E1/2(O2/O2•−) = −0.16 V vs NHE),51
the production of superoxide and ensuing reactive radicals also
represents a viable pathway for Type I modiﬁcation in
biological systems.
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